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Recently, graphene has attracted tremendous interests from the scientific and 
industrial communities owing to its exceptional properties. Chemical exfoliation of graphite 
to produce graphene derivatives such as graphene oxide (GO) and reduced graphene        
oxide (rGO) offers a wide range of possibilities to develop functional graphene composites 
for various applications. In this thesis, the design and synthesis of various graphene-based 
composites and their potential applications have been discussed with regards to four different 
hybrid systems: (i) fluorescent dye (ii) poly-(ionic liquids) (iii) dye-metal complex and                                  
(iv) metal nanoparticles. Firstly, as detailed in Chapter 3, a charge-transfer complex between 
GO and a pyrene dye has been synthesized via a simple ion-exchange process. Its highly 
specific interactions with DNA compared to other bio-molecules allow selective and rapid 
detection of DNA in biological mixtures. In addition, this GO–dye complex exhibits unique 
broadband optical limiting properties. 
 Inspired by the charge-transfer abilities of GO, we report in Chapter 4, a       
graphene-based photoactive dye-metal complex for photoelectrochemical water-splitting to 
produce hydrogen fuel.  To meet the requirement, a photoactive perylene derivative (PDI) has 
been coupled to cobalt(II) ions to form a co-ordination polymer (PDI-Co), which is later 
immobilized on rGO via non-covalent interactions. Here, rGO has been used as the scaffold 
and electron-transfer mediator to enhance the photo-driven hydrogen evolution at Co(II) 
center. Compared to commercial TiO2 catalyst supported on rGO, the rGO-PDI-Co complex 
shows better response.  
To address the poor solubility and irreversible agglomeration issues faced by rGO, we 
developed a poly-imidazolium ionic liquid (PImIL) coupled rGO complex (rGO-PImIL) and 
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presented the work in Chapter 5. The co-operative ionic and π-π interactions between rGO 
and PImIL improve the solubility of rGO-PImIL in ethanol compared to pure rGO. 
Furthermore, we have explored the use of rGO-PImIL as a metal-free catalyst for oxygen 
reduction reaction (ORR). The results show that ORR at rGO-PImIL occurs via a facile 4e
¯
 
transfer process similar to that of platinum-based catalysts, whereas 2e
¯
path way is observed 
for bare rGO.  
Finally, to explore the catalytic abilities of graphene composites, we have developed a 
GO-supported Pd nanoparticle bifunctional catalyst for one-pot cascade oxygen and hydrogen 
activation reactions to produce secondary amines by N-alkylation of primary amines (Chapter 
6). The synergetic effect of the GO and Pd nanoparticles enable the GO/Pd hybrid catalyst to 
work under milder conditions (open air and 1 atm H2) compared to previously reported 
catalysts. 
        In summary, regardless of the chemical composition of the hybrid system, the addition 
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Chapter 1: Introduction  




In this chapter, a brief introduction of graphene and chemically converted graphene 
(CCG) is given followed by the description of strategies involved in the preparation of CCG-
based composites. A concise literature review of various CCG composites that are 
functionalized with small organic molecules, metal nanoparticles and polymers is also 
provided along with a discussion of their potential applications in sensing, non-linear optics, 
water- splitting, and carbocatalysis. Lastly, the objectives and significance of the current 
research work is presented.  
1.1.   Introduction and properties of Graphene: 
For several decades, carbon nanomaterials have been promulgated as potential 
technology commodities and part of the materials solution package to address various energy 
and environmental problems.
[1] 
The reason for the use of carbon nanomaterials is due to their 
versatility in surface modification and high surface area.
[1]  
Among these carbon 
nanomaterials, fullerene (C60)s, carbon nanotubes (CNT)s and graphene are the ones that are 
quite well known (Figure 1.1). Recently, graphene, an atomic thin sheet of sp
2 
hybridized 
carbon atoms, has attracted  a lot of attention in the scientific and industrial communities. 
This is because of its excellent electronic, optical, thermal and mechanical properties when 
compared to CNTs and C60 
[1]
. Prior to the isolation of  graphene sheets and demonstration of 
quantum hall effect, by Novoselov and Geim 
[2] 
 in 2004 (who later shared Nobel Prize in 
Physics (2010) for its discovery), the material had been studied by carbon scientists as early 
as 1960s even though they were unaware of the nature and properties of such a material.
[3] 
Prior to 2004, the conventional wisdom that is prevalent, as postulated by Landau and Peierls 
is that 2D materials are thermodynamically unstable and cannot exist as single layers.
[3,4]
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However, Geim and Novoselov succeeded in isolation of 2D monolayer of graphene 
by a simple technique called “Scotch tape exfoliation”.[2]  Since then, graphene research has 




Figure: 1.1 Graphene being the basic building block of all graphitic materials namely 
Fullerenes (C60), CNT and 3D graphite. 
[5]
 (Reproduced from ref.[5]) 
 







  Young’s modulus (~1100 GPa),[6,8] specific 






  fracture strength (125 GPa), 
[6,8]
 high 
chemical stability and high optical transmittance.
[6]
  
1.2. Chemically Converted Graphene (CCG)  





 and micro-mechanical exfoliation
 [2]
 for device and 
fundamental purposes.
[10]
 Apart from these techniques, chemical exfoliation of graphite to 
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produce graphene derivatives such as graphene oxide (GO) and reduced-graphene oxide 
(rGO) stand as an important strategy to produce large quantities of solution-processable 
graphene derivatives.
[10] 
The functional groups developed on graphene during the oxidation 
process, provide a versatile platform to design various graphene-based composites. The 
chemically processed graphene materials are called nominally by researchers as chemically 
converted (derived or modified) graphene (CCG) or just graphene.
[10]
 Herein we designate 
them as graphene.  
1.2.1. Preparation 
 
Figure 1.2. Synthesis of chemical converted graphene(CCG) or graphene by reduction of            
graphene oxide. 
[10]
 (Reproduced from ref.[10]) 
 
In general, solution-processable graphene has been produced by the chemical 
reduction of graphene oxide (GO), which is commonly synthesized by the chemical 
exfoliation of graphite using various strong oxidants in an acid media (Fig 1.2).  Modified- 
Hummer’s method is one of the most well known methods in this regard. [13] In a typical 
experiment, graphite was first mixed with KMnO4 and NaNO3 in H2SO4 to oxidize the 
graphitic surface. Later, the as-synthesized graphite oxide was sonicated in water to exfoliate 
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and produce single or a few layered-GO sheets. These sheets are highly soluble and stable in 
aqueous media. Several other methods have also been developed to increase the degree of 
oxidation on graphene surface, using various other oxidants and experimental conditions.
 [14] 
   
As mentioned earlier, graphene can be produced from chemical and thermal reduction 
of GO. In a typical chemical reduction method, GO is mixed with a reducing agent such as 
NaBH4,
[16]




 and strong alkaline solutions.
 
[17]
 Interestingly, some reports show that even high temperature alcohol vapor also can be 
used to reduce GO. In this case the conductivity of graphene (sheet resistance ~15 k/cm2) is 
significantly improved compared with other reducing agents.
[18]
 However, hydrazine 
monohydrate is the most popular and reliable method as it can produce graphene with good 
thermal stability and conductivity. During the reduction process of GO, most of the its 





Figure 1.3: (a) Preparation of GO. (b) Proposed structure of GO-based on the Lerf- 
Klinowski model. (c) HR-TEM spectrum of GO. 
[1, 20]
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It is highly important to understand the structure of GO, as it enable us to develop 
various functional composites. In general GO is described as a graphene sheet decorated with 




As mentioned by Mkhoyan et al.
[21]
,  a highly oxidized-GO film has 1:5 O/C ratio 
with 40% sp
3
 C-O bonds. Additionally, hole-defects formed due to the harsh oxidizing 
conditions, accommodate carboxylic acids, ketones, phenols, lactones and lactones.
[1]
 (Fig. 
1.3.) Due to high fraction of sp
3
-C-O and other oxygen functional groups the GO sheets 
amorphous in nature.  
The chemical reduction of GO to produce graphene (rGO) remove most of the 
oxygen-functional groups leaving holes on graphene. As shown in Fig 1.4. graphene sheets 
derived from GO (by Hummer’s method) composed of ~60 % intact graphene islands of size 
3- 6 nm along with defects. High resolution transmission electron microscopie (HR- TEM) is 




Figure 1.4. HR-TEM image 
[22]
 of single layer graphene derived from the graphene oxide 
prepared by Hummers’ method [10] 
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1.3.    Graphene-based Composites 
1.3.1. A brief overview 
The exploration of graphene-based composites can be trace back to last century.
 [23-25]
  
At that time, most of these composites were derived from ‘graphite oxide’ and limited to 
intercalated and layer-by-layer assembled composites with some polymers and metal 
oxides.
[25]
 Due to the lack of information on solubility and isolation of graphene sheets, the 
studies in this area were not progressed for a long time. However, interests in this field are 
rekindled in 2006 after several seminar papers by the Ruoff’s group.[26,27] Their interesting 
studies showed that well-dispersed graphene sheets (single and a few layers) can be 
chemically prepared in large quantities in aqueous and organic media.
 [26]
 Inspired by these 
excellent works, the synthesis and application of graphene-based composites have developed 
rapidly in recent years.
[10]
  
Although there are some multi-component graphene-composites, most of the 
graphene-based composites are binary-component, i.e., made up of graphene with only one 
counter-component. In general, these counter-components are organic molecules, polymers, 




1.3.2. Preparation – General Strategies 
So far, most of the reported graphene-based composites have been designed and 




1.3.2.1. Covalent Functionalization 
In general, graphene can covalently be functionalized with organic molecules in two 
different ways: (a) formation of bond between the free radicals of organic molecule and C=C 
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bond of graphene and (b) formation of bond between organic functional groups and 
oxygenated-groups of GO.  
 (a) Addition of free radicals to sp
2
-carbon of graphene: 
Upon heating the mixture of diazonium salt /graphene at moderated temperatures, a highly 
reactive free-radical is generated from diazonium salt which can covalently coupled with sp
2
-




Figure 1.5.  Covalent functionalization of graphene via diazonium coupling reaction.
[29]
 
This reaction has been used by Loh and co-workers to decorate graphene with phenyl 
carboxylic acid which was further used as a template to grow a metal-organic framework         
(Figure 1.5.)
[29]
 Another interesting example of this kind was the grafting of hydroxylated 
aryl groups to polymerize styrene on graphene.
 [30]
 
(b) Covalent attachment of functionalities to GO: 
GO have a wide variety of oxygenated-functional groups on its surface and edges that 
help to couple some organic molecules covalently to form graphene-based composites.
[31]
 For 
example, as reported by Dai et. al., the carboxylic acid groups of GO can covalently be 
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coupled with amine functional groups of polyethylene glycol (PEG). The coupling occurs via 
condensation amide linkage.
[31-33]
 (Figure 1.6(a))  
 
 
Figure 1.6.  Covalent modification of graphene by using (a) carboxyl groups and (b) epoxy        
groups 
[32]
 of partially reduced GO
[34]
   
Another possible way is to use the epoxy groups on GO surface. As shown in Fig. 1.6(b) an 
imidazolium ionic liquid can covalently be coupled with partially reduced GO to form a 
stable Imidazolium-modified GO. The resultant composite is soluble in water and organic 
solvents such as N, N-dimethylformamide and dimethyl sulphoxide. (Figure 1.6(b)). 
[31]
 
1.3.2.2. Non-covalent Functionalization:  
The non-covalent functionalization of graphene is generally carried out using two 
types of interactions namely (a) electrostatic interactions and (b) π-π interactions.   
(a) Electrostatic Interactions 
Electrostatic interactions or ionic interactions offer a convenient and efficient 
platform to prepare graphene composites.
[10]
 Since GO is negatively charged due to the 
carboxylic and hydroxyl functional groups, it can easily interact with positively charged 
Chapter 1: Introduction  
9 | P a g e  
 
metal ions, organic molecules and polymer etc, to form novel hybrids. For example, Kim et. 
al. reported the formation of core shell nanowires of peptide/graphene
[35]
  using ionic 
interactions (Figure 1.7(b)). Another interesting example is the ionic coupling between 
negatively charged sulphonated-graphene and positively charged poly-
(3,4ethyldioxythiophene) to form composite with enhanced transparencies and electrical 
conductivities. .
[31,36]
 (Figure 1.7(a)) 
  
 
Figure 1.7. Non-covalent functionalization of GO via electrostatic interactions (a) 
sulphonated-GO-PEDOT 
[36]  
(b) GO-Peptide composite 
[35]
 
 (b) π-π stacking interactions 
π-π stacking interactions generally occur between two large non-polar aromatic rings 
with a overlapping of π-orbitals.[10] These interactions are as good as that of covalent 
attachments in their strength with an additional advantage of not disturbing the conjugation of 
graphene. Hence such functionalization is useful to develop advanced graphene materials.
 [31]
   
 In their recent studies Liu et al.
 [37]
 synthesized a thermo-responsive graphene-
polymer nano composite using π-π interactions. They first synthesized a well-defined thermo-
responsive pyrene terminated poly (N-isopropyl acrylamide), followed by attachment to the 
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basal plane of graphene sheets via π-π interactions.[37] Another important example of such 
interactions can be found in the report by Xu et al.
 [38]
   as they have prepared stable aqueous 




Figure 1.8 : π-π interactions between PEG-OPE and CCG or rGO [39] 
Additionally, Qu et. al., reported a rod-coil conjugated triblock copolymer (PEG-OPE) based 
graphene composite where PEG-OPE act as π-π binding stabilizer.[39]  (Figure 1.8 ). The 
enhanced solubility and drug delivery performance of graphene-PEG-OPE again proves the 
effective and usefulness of functionalization using π-π interactions. [39] 
Graphene composites with various counter-components: 
 
1.3.3. Composites with Small organic molecules 
The ever increasing demand, in developing graphene composites with small organic 
molecules indicates their ability for various potential applications
 [10]
 Small organic molecules 
can also be used as stabilizers for dispersing reduced graphene oxide. For example, Xu et 
al.
[40]
 reported a graphene-based porphyrin composite which was prepared via electrostatic 
interactions with enhanced ability of sensing Cd
+2
 in aqueous media. (Figure 1.9(a)). 
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Many other small molecules such as N,N-dioctyl-3,4,9,10- perylenedicarboximide 
(PDI) also tends to self assemble with graphene to form nanostructures. One such example 
was reported by Loh and co–workers, where they used graphene as both an atomic template 
and structural scaffold in the nucleation and assembly of organic nano structures.
[41] 
 This 
hybrid structure (Figure 1.9(b)) showed enhanced performance over individual components 
in donor acceptor type solar cells. Many other graphene-based small organic molecule 
composites were well summarized in two recent reviews. 
[28,10]
 
1.3.4. Composites with Polymers 
Due to their high conducting and mechanical strengths, recently, graphene-polymer 
composites attract a great interest from the scientific industrial communities.
[10]
 Similar to the 
other conventional polymer composites, graphene-polymer composites are also processed 
mainly by three ways: solution-mixing, melt-blending and in-situ polymerization
[42]
 
Solution-mixing is one of the most simple and efficient approach to prepare functional 
polymer composites, as it does not require any advanced instrumental set-up and conditions. 
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The key fact in using this method is the solubility of the filler and polymer in a chosen 
solvent. Poor solubility of either of the components greatly affects the processing of the 
composite. With regards to graphene composites, it is a big challenge to process graphene-
based composites via solution- mixing as GO and graphene have a poor solubility in organic 
solvents. To address this problem, recently Huang et al. 
[42]
 designed a conjugated 
polyelectrolyte (CPE), PFVSO3 with a planar backbone and charged-sulfonate and 
oligo(ethylene glycol) (OEL) side chains and used it to modify graphene. (Figure 1.10 (I)). 
The strong π-π interactions between PFVSO3 and graphene, enabled the composite to show 
excellent solubility and stability in various polar organic solvents such as water, ethanol, 
methanol, DMSO and DMF.
[42]
  
Melt-compounding is an another popular polymer processing method which works at 
high sheer forces and elevated temperature. All though it works well for other polymer 
composites, it is not as good as soluition-mixing method for graphene-polymer composites. 
The solution-mixing method definitely has advantage
 [42]
 of achieving good solubility and 
homogenous distribution of graphene when compared to that of melt-compounding process.
  
 
Figure 1.10. (I)  Fabrication and solubility test of graphene- PFVSO3 
[42]
  and (II) graphene-
PANI composite and its electrochemical performance.
[45]
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Another interesting polymer-composite processing technique is in-situ polymerization 
where the monomer solution and counter component solutions were mixed first and 
polymerize it later by adding an initiator. With regards to graphene-polymer composites, an 
epoxy resin-graphene composite has been developed using this method.
[42]
 Another such 
example is the graphene-PANI composite paper 
[45]
 prepared by Cheng and co-workers using 
in-situ electro-polymerization (Figure 1.10(II)) 
1.3.5. Composites with Metal nanoparticles: 
Owing to its high surface area, excellent thermal stability graphene can efficiently 
accommodate metal nanoparticles (MNPs) on its surface. Furthermore, graphene can enhance 
the catalytic activity of the MNPs. For example, in a recent report by Raghunath et al., 
[42] 
reduced-graphene oxide (rGO)-supported Cu nanoparticles show enhanced performance for 
biomass conversion, compared to mesoporous-carbon and active-carbon supported Cu 
catalysts. They have also highlighted the ability rGO to enhance the growth of Cu 
nanoparticles in certain [111] facet, which would not be possible on other supports. Most of 




Figure 1.11. Illustration showing the preparation for graphene/MNP composite via solution 
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In general graphene-MNPs are prepared by mixing metal precursors with GO or 
graphene and reduce it by adding and a reducing agent. Graphene/Au composite has been 
prepared by reducing AuCl4 with NaBH4 in graphene dispersion. As a control Au 
nanoparilces were prepared without adding graphene, which resulted into the aggregated Au 
clusters.
[10, 46]
 In the same study, the effect of graphene concentration on the size of 
nanoparticles also have been studied and found that with the increased concentration of 
graphene the dispersion of Au NPs increases along with reducing their sizes. 
[10,47]
 
Recenlty Xu and Wang et al. have developed a general strategy to synthesize 
graphene-MNPs with various metals including Sn and Ag.
[10]
 It was mentioned that GO can 




1.4. Applications of Graphene-based Composites 
 
1.4.1. Optical Sensors 
 One of the main strategies to use graphene in fluorescence-based bio-detection takes 
advantage of graphene to quench fluorescence via fluorescence resonance energy transfer 
(FRET).
 [10]
 Previously, a graphene based DNA sensing platform has been developed by Chen 
and co-workers.
[49]
 In a typical experiment, first a dye labeled ssDNA was immobilized on 
GO, as a result fluorescence of ssDNA was quenched. Later when the complementary ssDNA 
was added, due to strong complementary interactions the dye labeled ssDNA come out of GO 
surface forming dsDNA, hence fluorescence is recovered.  
By replacing GO with rGO in a similarly constructed sensing platform, detection of 
thrombin with high sensitivity and excellent specificity was achieved by Li et al.
[50]
 (Figure 
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1.12(a)). The reported detection limit of 31.3 pM is two order magnitude lower than that 




Figure 1.12. (a) Graphene-based platform for thrombin detection
 [50]
 and (b) GO-based 
platform for pathogen sensing 
[51]
 





 As mentioned by Seo et al.
 [51]
GO was first patterned on amino functionalized 
glass slide. Then the anti-bodies of the target rotavirus were immobilized on GO. Next, an 
(Ab)-DNA-Au-NP was placed on the ‘GO-anti body platform’ which could selectively bind 
to the target rotavirus attached to GO sheets. The resultant binding leads a quenching in the 
fluorescence of GO thus detecting the target. 
[42,51]
 
1.4.2. Non-linear optical limiting properties 
Optical limiters, generally attenuate the high intense optical beams, while showing 
high transmittance at low intensity.
 [52]
 This type of materials finds their usefulness in 
protecting human eyes, optical elements and optical sensors from the high intensity laser 
pulses.    
Graphene-chromospheres composites had been demonstrated to show excellent optical 
limiting properties with efficient energy and/or electron transfer upon photo-excitation.
[52]
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Figure 1.13. (a) Photoinduced energy transfer mechanism between oligothiophene(6THIOP) 




Recently, an amine-terminated fluorescent oligothiophene polymer was crafted on GO 
nanoplatelets by Liu et al.
[52]
. The strong interaction between GO and oligothiophenes was 
evident by almost complete fluorescence quenching of oligothiophene (Figure 1.13). The as-
synthesised donor-acceptor material displayed a superior optical limiting effect compared  to 
that of the standard optical limiting material C60.
[52]
 Apart from these conjugated polymers, 




1.4.3. Photoelectrochemical Water-splitting: Hydrogen Evolution Reaction (HER). 
The photo-electrochemical (PEC) splitting of water into hydrogen and oxygen has 
attracted much attention due to its potential application for the conversion of solar energy into 
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Figure 1.14. Photo-electrochemical hydrogen evolution of (a) rGO-BiVO4 
[58]




The photoelectrical properties and applications of various graphene-composites such 
rGO-TiO2, rGO-WO3, rGO-BiVO4, and rGO-Ru/SrTiO3.
[55, 56, 57] 
were reported by Amal’s 
group. 
[55]
  For instance, BiVO4 had been synthesized by incorporating BiVO4 with rGO 
using a facile single-step photocatalytic reduction.
[58]
 which is capable of producing a H2 and 
O2 at the rate of 0.75 and 0.21 μ mol h
-1
 under visible light illumination.  The enhanced 
performance of rGO-BiVO4 was attributed to the longer electron life time of exited-BiVO4, 
leading to a minimized-charge recombination. (Figure 1.14(a).) 
Apart from the inorganic composites, there are several other organic dye-based 
graphene catalysts used for this application of photocatalytic hydrogen evolution. Lu et al. 
reported a novel rGO-mediated dye-sensitized photocatalytic system which consists of Esoin 
Y as chromophore along with Pt nanoparticle as co-catalyst.
[59]
 Under visible light irradiation, 
this photocatlyst system  exhibits highly efficient activity for the evolution of hydrogen from 
water reduction (Figure 1.14(b)). However, the use of precious metals for hydrogen 
generation will   increase the cost of the process. It is highly desirable to develop dye-GO 
catalysts that can operate without the use of Pt.
[59]
 To address this problem, recently, Garcia 
et al. have developed various dye-sensitized GO-based catalysts and tested them for 
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photocatalytic hydrogen evolution. Under visible light irradiation some of these composites 
showed superior performance over conventional titania catalysts.
[60] 
1.4.4. Metal free Oxygen Reduction reaction (ORR) 
The electrochemical performance of fuel cells and metal-air batteries
[7]
 depends 
critically on the oxygen reduction reaction (ORR) activity of electrocatalysts, which is the 
fundamental cathode reaction occurring in fuel cells.
[8] 
Carbon-based electrocatalysts such as 
nitrogen-containing carbon nanotubes (VANCNTs)
[9]
 and N-doped graphene
[10]
  shows high 
durability, high electrocatalytic activity and small cross-over effect.  Baek et al.
[8]
 reported 
that polyelectrolyte chains containing positively charged nitrogen moieties enhance 




Figure 1.15. (a) Graphite-ball milled composite and its ORR performance (b) rGO-PDDA 
composite and its ORR performance.
[61]
 
Recently, graphene-based electrocatalysts such as N-doped graphene,
[62]
 ball milled 
graphite
[63]
 and PDDA-rGO etc,
[61]
  were demonstrated to show better durability, higher 
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electrocatalytic activity and a small cross-over effect. Among these composites, ball-milled 
graphite 
[63]
 is an interesting example for edge functionalized graphene nano-platelets (GnPs) 
with different functional groups.
[63]
 They were efficiently prepared by a simple dry ball 
milling graphite in the presence of hydrogen, carbon dioxide, sulfur trioxide etc.
[63]
 Upon 
exposure to air and moisture,  acid-functionalized GnPs are produced and  these can be  
readily dispersed in various polar solvents including water. Some of these composites showed 





Recently graphene derivatives have been widely used as supporting scaffolds for 




Figure 1.16. Catalytic comparison among rGO /Pd, GO/Pd and Pd/C.
 [64]
  
With a two-dimensional, sheet-like structure, graphene sheets present an open surface for 
the support of foreign agents and functional groups which can perform molecular catalysis.
[10]
 
Apart from the supporting ability graphene also can act as a catalyst on it own. For example, 
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demonstrated the remarkable ability of GO to catalyze alcohols to 
the corresponding ketones or aldehydes. GO has also been used as catalysts for the oxidation 
of alkenes to the corresponding diones, and alkynes to the corresponding hydrates. 
[1]
 
In a recent report, Mulhaupt and co-workers
[64]
 demonstrated a GO-supported 
palladium for Suziki-Mayaura coupling reactions.  The extra ordinarily high activities with 
turnover frequencies (TOF) up to 39,000 h
-1
 and recyclability of this GO/Pd prove the ability 
of graphene-based composites for catalytic applications. (Figure 1.6) A recent review by Su 




Finally,  Table 1.1. summarizes the comparison of typical synthetic methods for 
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Table 1.1. Comparison of typical synthetic methods for graphene–inorganic nanostructure 
composites and their related applications.  (Reproduced from ref. [66])
 
 
1.4. Objectives and Significance of the Study: 
From the previous sections, it is understood that several concerns regarding the design and 
synthesis of functional graphene-based materials are needed to be addressed. A brief 
summary of the specific research gaps for the current study is as given below.                                                                      
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1. Although carbon nanotube (CNT), C60 have been reported as the most popular carbon-
based filler materials for composites, because of their high cost, researchers are keen to 
examine graphene as an alternative filler.
[10]
 
2. It is highly desirable to further understand the charge-transfer interactions between 




3. Most of the graphene-based photo-catalysts for water-splitting application, work under 
UV-light irradiation and also restricted to precious Pt doped- metal oxides.
[59]
  So, it 
would be beneficial to develop  visible-light photoactive dye- metal complexes (non-
precious) for this purpose.
[19]
 
4. The synthesis of reduced-graphene oxide (rGO) from graphene oxide via chemical 
reduction often suffers from irreversible agglomeration and precipitation of the 
products.
[38]
 A good dispersion  of rGO-based composites in organic solvents is needed 
for its processing into thin films which can be applied in organic solar cells and fuel 
cell etc. 
5. Although the graphene composites proved their ability as efficient-carbocatalysts, the 
application of these catalysts is primarily limited to single-step reactions and the role 
of graphene is ether as support or carbocatalyst.
[64]
 Therefore, it is attractive to develop 
a new catalytic system allowing graphene to be a bi-functional catalytic material, 
where its role as supporting-scaffold as well as catalyst could be integrated. 
To address some of these key issues, and to bring forth the synergism in graphene 
composites, it is highly desirable to design an appropriate counter-component of the 
composite material.  In this thesis, we aim explore the design and synthesis of graphene-
based composites with regards to four different counter-components: (i) fluorescent dye, (ii) 
poly-(ionic liquids), (iii) dye-metal complex and (iv) metal nanoparticles.  
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The specific objectives of this research are  
 -to design a positively charged water-soluble pyrene derivative which can interact 
with the negatively charged graphene oxide (GO) to form a fluorescence-quenched 
charge-transfer complex.  
 -to study the charge-transfer interactions between GO and dye which may further 
leads to the development of an optical sensing platform for “DNA sensing”.  
 -to further explore the non-linear optical limiting properties of ‘GO-dye complex’. 
 - to fabricate reduced graphene oxide (rGO) sheets with a poly-ionic liquid to improve 
its solubility in organic solvents. 
 -to further investigate the use of ‘rGO-poly(ionic liquid) complex’ as an metal-free 
electro-catalyst for Oxygen Reduction Reaction (ORR) in fuel cell.  
 -to develop a graphene-based photoactive dye-metal complex (Perylene-based cobalt 
complex) and demonstrate its ability for light driven water-splitting application.  
 to explore the catalytic ability of a GO/Pd hybrid as a bifunctional catalyst for one-pot 
cascade oxygen and hydrogen activation reactions.   
Significance in Broader Context 
The results of the present study may provide insights into                                                          
 the use of  graphene as a suitable component material to prepare organic and 
inorganic composites  
 the charge-transfer ability of graphene with certain organic molecules and 
polymers  
 the effect of poly-ionic liquids  on graphene to improve solubility and to enhance 
ORR performance.   
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 the development of graphene-based photoactive dye-metal complexes for water-
splitting applications 
 the use of graphene-based bifunctional catalysts.  
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Chapter 2 
 Experimental Techniques 
2.1. Introduction:  
This chapter provides the basic principles of various experimental techniques used to 
characterize the graphene-based composites. For the current work, we have mainly used 
Nuclear Magnetic Resonance Spectrometer (NMR), Single-crystal X-ray Diffraction (Single 
XRD), Matrix Assisted-Laser Desorption/Ionization Time-of-Flight (MALDI-TOF) and Gas 
Chromatography- Mass Spectrometer (GC/MS) techniques to characterize organic molecules, 
whereas UV-Vis absorption spectroscopy, FT-IR transmission spectroscopy, Scanning 
electron microscopy (SEM), X-ray photoelectron Spectroscopy (XPS), Atomic Force 
microscopy (AFM) and Thermogravimetric Analysis (TGA) are employed to understand 
morphological and chemical changes occurred in the composite materials. In some special 
cases, electrochemical characterization techniques such as Cyclic Voltametry (CV), are also 
used. 





H NMR spectrum one can obtain the following four levels of information. Firstly, by 
observing the number of basic groups of signals present in the spectrum, we can identify 
number of the types of Hs. Secondly, by knowing the integration value of each group of 
peaks, we can find out the number Hs for each type. Thirdly, by observing the chemical shift 
(δ) we identify the type of H ( eg. δ of 7- 8 corresponds to aryl Hs). Finally, by taking note of 
coupling pattern we conclude the type of H. (Fig. 2.1) 
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H NMR correlation between Chemical Shift and type of H in functional groups. 
(Reproduced from Ref.[1] )  
The word ‘integration’ represents measured area under the peak which is proportional 
to the number of Hs. ‘Chemical Shift’ represents position of peak on the measured scale (in 
ppm). Fig. 2.1. shows a typical range of different functional groups.
[1]
 All the chemical shifts 
are measured with respect to tetra methyl silane (CH3)4Si., i.e., TMS. The coupling Pattern in 
1HNMR is caused by other equivalent Hs. In simple words, “n” equivalent Hs splits into  (n 




C NMR analysis is useful to find out the number of types of C atoms present in the 
sample. Fig. 2.2. shows a simple correlation between the chemical shift and the type of C 
atom. In 
13
C NMR analysis, the overlap of peaks is much less when compared to 
1
H NMR.  
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Figure 2.2. A simple correlation between Chemical Shift and type of C atom (Reproduced 
from Ref.[1] )  
 
2.3. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF): 
Matrix assisted laser desorption/ionization- time of flight ((MALDI- TOF) is a soft 
ionization mass analysis technique that generally used to analyse biomolecules and large 




Figure 2.3. Schematic illustration of MALDI-TOF working principle (Reproduced from 
Ref.[2] ) 
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Firstly, the sample must be mixed with a matrix that can strongly absorb the incident 
light (generally UV light). The addition of matrix is further helpful to a create chemical 
environment for sample to minimize its fragmentation instead of ionization during the 
irradiation process. Fig. 2.3 schematically shows the working principle of MALDI-TOF. 
When the sample is mixed with a large excess of matrix and exposed to UV laser light, firstly 
the matrix absorbs most of the laser light and lead to a hot plume with the ionized-sample 
molecules along with matrix molecules.   These ionized-sample molecules are further 
accelerated with a high voltage supplier and allowed to drift down a flight tube where they 




2.4. Single-crystal X-ray Diffraction:   
                               
Figure 2.4.  Schematic of 4-circle diffractometre and the actual experimental set-up. 
(Reproduced from Ref.[4] ) 
Single-crystal X-ray diffraction is an useful non-destructive technique to determine 
the crystal structure information including unit cell dimensions, bond angles and bond lengths 
etc 
[4]  
With a typical set-up as shown in Fig. 2.4, first the single crystal (typically > 0.1 mm in 
all directions) is mounted and exposed to an intense beam of monochromatic X-rays. By a 
slow rotation of the crystal, multiple reflection patterns can be collected which corresponds to 
various crystal planes in the sample. All the data points are combined computationally, to 
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produce a refined arrangement of atoms in crystal. The resulted crystal structure information 
which must be stored a public database. 
[4] 
2.5. UV-Vis Absorption Spectroscopy: 
Ultraviolet and visible (UV-Vis) absorption spectroscopy is one of the most popular 
spectroscopic techniques used in various fields of Science and Technology as it is provides 
the basic information about the absorption, transmission and reflective ability of the sample 
under UV and Visible light illumination. In a typical experimental set-up as shown in Fig. 
2.4, first the sample-solution or substrate is exposed to UV-Vis light (generally 800 nm to 
200 nm). Then the resultant light after it passes through a sample or the reflection from a 
sample surface is recorded with a detector. Under UV-Vis light exposure, the electrons in the 
sample molecules undergo certain transitions as shown in Fig. 2.4. Most of the graphene 
derivatives undergo π-π* transitions. The UV-Vis spectra have broad features that are of 
limited use for sample identification but are very useful for quantitative measurements. 
 
Figure 2.5. Schematic illustration of UV-Vis Spectrometer and energy level diagram 
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2.6. Atomic Force Microscopy (AFM): 
  
Figure 2.6. Schematic illustration of AFM.  (Reproduced from Ref. [7]) 
Atomic Force Microscope (AFM) is a type of scanning probe microscope which is used to 
image the surface structure (on nm or even sub-nm scale) and to measure the surface forces.
[7]
 
The standard AFM contains a microscopic tip (curvature radius of ~10-15 nm) attached to a 
cantilever spring. The underlying principle of AFM is the detection of the bending of this 
cantilever spring as a response to the external forces. In order to detect the bending as small 
as 0.01 nm, a laser beam is focussed on the back of the cantilever. From there, the laser beam 
is then reflected on to a position sensitive-photo detector.  The photo detector then converts 
this change into an electrical signal.
[7]
 
Generally in AFM, works at two different modes available to scan the sample: (a) 
Tapping Mode and (b) Contact Mode. For samples having a rough surface ‘tapping mode’ is 
advisable whereas samples with smooth surface can be scanned at ‘Contact mode’. For 
graphene derivatives both the modes are suggested depends on the solubility and processing 
of the samples.  
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2.7. X-ray photoelectron Spectroscopy (XPS): 
 
Figure 2.7. Schematic illustration of X-ray photoelectron spectroscopy. (Reproduced from 
Ref.[9] ) 
X-ray photoelectron spectroscopy (XPS) is generally used to quantitatively measure  
the elemental composition, empirical formula, chemical state and electronic state of the 
elements that exist within the material.
[9]
 In a typical experimental set-up a beam of X-rays 
are focused on the sample which generate electrons from the top 1-10 nm of the material 
(Fig. 2.7 ).  The kinetic energies and number of ejected electrons are simultaneously 
measured. The bind energy of the electrons can be calculated using the formula based on the 
work of Ernest Rutherford (1914):   
                              
Where Ebinding is the binding energy (BE) of the electrons, Ephoton is the energy of the X-ray 
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2.8. Thermogravimetric Analysis (TGA): 
Thermogravimetric analysis is a method of thermal analysis in which changes in 
physical and chemical properties of materials are measured as a function of increasing 
temperature (with constant heat rate), or as a function of time (with constant temperature or 
constant mass loss) (Fig. 2.8).
[9]
 TGA is commonly used  to determine selected characteristics 
of materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss of 
volatiles(such as moisture).   
 
Figure 2.8. Schematic illustration of TGA and a typical TGA spectrum. (Reproduced from 
Ref.[9]) 
Common applications of TGA are (a) material characterization through analysis of 
characteristic decomposition patterns, (b) studies of degradation mechanism and kinetics      
(c) determination of organic content in a sample, and (d) determination of inorganic content 
(eg ash) in a sample, which may be useful for corroborating predicted material structures or 
simply used as chemical analysis. It is an especially useful technique for the study of 
polymeric materials including thermoplastics, thermosets, elastomers, composites, plastic 




Chapter 2: Experimental Techniques 
 
 
37 | P a g e  
 
2.9. References:  
[1]. Gary E. Martin, A. S. Zektzer Two-Dimensional NMR Methods for Establishing 
Molecular Connectivity, 1988, New York: Wiley-VCH.  and  France A. Carey Organic 
Chemsitry, 4
th
 Edition , 2000, McGraw-Hill Publishers.  
 [2]. (a) W. Schrepp; Harald Pasch Maldi-Tof Mass Spectrometry of Synthetic Polymers 
(Springer Laboratory), 2003, Berlin, Springer-Verlag  and (b) IOWA state university office 
of bio-technologies: MALDI-TOF Mass Analysis  
[4]. Single-crystal X-ray Diffraction- Christine M. Clark, Eastern, Michigan University 
Barbara L. Dutrow, Louisiana State University (Geochemical Instrumentation and Analysis) 
[5]. The Chemistry Hypermedia Project On-line resources for students, educators, and 
scientists. Ultraviolet and Visible Absorption Spectroscopy (UV-Vis).  
[6]. North western University-KECK-II Fourier Transform Infrared Spectroscopy FT-IR and 
Brian C. Smith, Fundamentals of Fourier Transform Infrared spectroscopy, CRC press, Boca 
Raton, 1996.  
[7]. Biophysics and Soft Matter- Prof. Dr. C.A. Helm Methods: AFM (Atomic Force 
Microscope) http://www3.physik.uni-greifswald.de/method/afm/eafm.htm 
[8]. Hüfner, S. Photoelectron spectroscopy: principles and applications. Springer Verlag. 
1995. (b) Principle of X-ray photoelectron spectroscopy (XPS): 
http://www.texample.net/tikz/examples/principle-of-x-ray-photoelectron-spectroscopy-xps/ 
[9]. Vedyadhara Open (e)Learning Environment- Unit 10 Thermogravimetric Analysis., The 
Adalsteinsson Group- Principles for Thermogravimetric Analysis TGA,  
http://rutgersscholar.rutgers.edu/ 
Chapter 3: Graphene- Dye Complex 
 
38 | P a g e  
 
Chapter 3 





A charge-transfer complex between graphene oxide (GO) and pyrene dye PNPB has 
been synthesized by a simple ion-exchange process. Its highly specific interactions with DNA 
compared to other bio-molecules allow selective and rapid detection of DNA in biological 
mixtures. This GO–dye complex also exhibits broadband optical limiting properties.  
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3.1. Introduction 
Graphene oxide (GO), a non-stoichiometric, two-dimensional carbon sheet resulting 
from acid exfoliation of graphite, offers a new class of solution-dispersible polyaromatic 
platform for performing chemistry. Graphene oxide bears covalently bound epoxide (1,2-
ether) and 
[1]
hydroxyl functional groups on either side of its basal plane, while carboxyl 
groups are located at the edge sites.
[1] 
Due to the presence of aromatic domains and functional 
groups, GO undergoes a complex interplay of ionic and non-ionic interactions with different 
molecules in solution.
[2–6] 
Graphene oxide can be considered to be a weak acid cation 
exchange resin because of the ionizable carboxyl groups, which allow ion exchange with 
metal cations or positively charged organic molecules. Motivated by the applications of 
functionalized GO in biosensing
[7]
 and drug delivery,
[8] 
we report a simple ion-exchange 
strategy for electrostatic complexation of GO with a synthetic dye to form an energy- or 
charge-transfer complex.
[2, 4, 9] 
We found that this GO–organic dye charge-transfer complex 
exhibits enhanced properties for bio-sensing and optical limiting. 
3.2. Materials and Methods: 
All FT-IR measurements were recorded at room temperature on the Varian 3100 FT-
IR spectrometer. The samples were ground with KBr and then pressed into disks. The NMR 
data was obtained using the Bruker Avance 300 Spectrometer at 300 MHz. ESI-MS was 
carried out with the Thermo Finnigan LCQ mass spectrometer at a spray voltage of 4.5 kV 
and with the capillary temperature at 200 ºC. AFM images were collected in the tapping 
mode using the SPM D3100 from Veeco and the specimens studied were coated on freshly 
on silica substrates by spin-casting. UV-Vis spectroscopic data was collected using the UV-
2450 Shimadzu UV-Vis Spectrometer with water as the solvent and a path length of 1 cm. 
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All chemicals were purchased from Aldrich, and used as received. All solvents were reagent 
grade and purified in accordance with standard procedures before use. 




 were studied using 
fluence-dependent transmittance measurements at 532 nm and 1064 nm laser pulses. The 
laser pulses were generated from a Q-switched Nd: YAG (yttrium-aluminum-garnet) laser 
(Spectra Physics DCR3). Firstly, the laser was operated at a wavelength of 1064 nm with 
pulse duration of 7 ns and repetition rate of 10 Hz, and the output was doubled to obtain 532 






 (20 mg/L) were prepared 
in deionized water respectively, contained in 1-cm-path-length quartz cuvette, was subjected 
to laser pulses with a spot size of 165 µm. 










.  Laser pulses were generated from a mode-locked Ti:sapphire oscillator (Spectra 
Physics) seeded regenerative amplifier with a pulse energy of 2mJ at 800nm and a repetition 
rate of 1 kHz. When the 800 nm laser beam was split in two portions the larger portion was 
passed through a BBO crystal to generate the 400 nm pump beam by frequency-doubling and 
the small portion of 800 nm pulses was used to generate a white light continuum in a 1mm 
sapphire plate. The white light continuum was again split into two beams, a probe and a 
reference. The signal and reference beams were detected by photo diodes that are connected 
to lock-in amplifiers and the computer. The intensity of the pump beam was attenuated with 
the neutral density filter. The pump beam was focused onto the sample with a beam size of 
300 μm and overlaps the smaller-diameter (100 μm) probe beam. The delay between pump 
and probe pulses was varied by a computer controlled translation stage. The pump beam was 
modulated by optical chopper at frequency of 500 Hz. The transient absorption spectra at 
Chapter 3: Graphene- Dye Complex 
 
41 | P a g e  
 
different delay times were measured by passing the probe beam through monochromator 
before being detected by a photo diode that is connected to the lock-in amplifier. 
[10]        
 
3.2.1. Synthesis of Graphene Oxide (GO): 
GO was synthesised from graphite via a modified Hummers and Offemann’s 
method.
[11-12]
 To 3 g of graphite flakes (Asbury Carbons Ltd.) and 3 g of NaNO3 in a 1 L         
round-bottom flask, 135 mL of conc. H2SO4 was added. This mixture was allowed to stir for 
10 min at 0-5°C.  Then 18 g of KMnO4 was added slowly to the mixture over a period of 1.5-
2 h. After that, the flask was shifted to water bath and reaction mixture was stirred at 35 °C 
for 1 h, during which 240 mL of DI water was added slowly.  Next, the temperature was 
allowed to increase 90 °C and stirred for 1h. The reaction was ended by the addition of 240 
mL of DI water and 15 mL of 30% H2O2 which results in a change of color from yellow to 
brown. The warm solution was then filtered and washed with water. The filter cake was 
sonicated in water to exfoliate the oxidized graphene, the product was centrifuged at 14000 
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3.2.2.  Synthesis of PNPB (Pyerene derivative of N-butyl pyridinium bromide): 
 
1-butyl-4-methyl pyridinium bromide (1) 
[15] 
1-butyl-4-methylpyridinium bromide was prepared by adding 1.1 equiv of 1-
bromobutane to 1 equivalent of 4-picoline (freshly distilled) in ethanol solution and gently 
refluxing for 24 h. The solid product precipitated after cooling, was filtered and washed 
several times with ethyl acetate in a dry atmosphere, and then dried at 90 °C under vacuum 
(yield 45%). 
 4-(1-Pyrenylvinyl)- N-butyl Pyridinium Bromide  (PNPB) 
1 equivalent of 1-pyrene carboxaldehyde was reacted with 1.5 equivalent of 
compound 1 in ethanol, 2-3 drops of piperidine were added as catalyst, then refluxed at 80 °C 
for about 24 hr. Calcium chloride guard tube was used to ensure a moisture free environment.  
A red product was observed in the reaction mixture. After evoparating the solvent, reaction 
mixture was purified by column chromatography on silicagel using 9:1 (v/v) 
acetoniltrile/water as eluent to afford the product as red solid (0.23 g, Yield: 60%) ES-MS: 




H NMR (300 MHz, DMSO, δ): 0.95 (t, 3H, J = 78.52 (d, 2H, J = 
6.00 Hz), 9.10 (d, 1H, J = 15.96 Hz), 8.63 (d, 1H, J = 8.37 Hz), 8.96 (d, 1H, J = 9.39 Hz), 
9.04 (d, 2H, J = 6.60 Hz). 
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3.2.3. X-ray crystal structure determination of PNPB 
X-ray diffraction data of single crystals were collected on a Bruker Smart CCD area 
detector diffractometer using Mo-K radiation ( = 0.71073 Å). Unit cell dimensions were 
obtained using least squares refinements, and all structures were solved by direct methods 
using SHELXS-97. All other non-hydrogen atoms were located in successive difference 
Fourier syntheses. The final refinement was performed using full-matrix least-squares 
methods with anisotropic thermal parameters for non-hydrogen atoms on F
2
. The hydrogen 




The single crystal of PNPB was obtained from the slow evaporation of ethanol. This 
was then characterized by X-ray single crystal diffraction analysis for the provision of more 
detailed structural information ( Table 3.1 ). Selected bond distances and angles are listed in 
Table 3.2. As shown in Figure 3.1., the molecule is trans- about the carbon-carbon double 
bond. Hence, there is no steric hindrance between the aromatic rings on either side of the 
C=C bonds. This results in a planar molecule.  
Table 3.1. Crystal data and refinement parameters for PNPB 
Compound PNPB 
Empirical formula C27H24NBr 
Formula weight 442.38 
Space group P2(1)2(1)2(1) 
Crystal system Orthorhombic 
Temperature (K) 223 (2) K 
 of Mo-K (Å) 0.71073 Å 
Absorption coefficient 1.969 mm
-1
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a (Å) 9.3984 (5) Å 
b (Å) 9.7875 (5)   Å 
c (Å) 22.8417 (11) Å 
 () 90° 
β () 90° 
 () 90° 




Reflections collected 14693 
Independent reflections 4794 
Rint 0.0273 
Final R indices [I > 2 (I)] R1 = 0.0318, wR2 = 0.0802 




Figure 3.1. Crystal structure of PNPB 
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Table 3.2. Selected Bond lengths [Å] and Angles [] for PNPB 
PNPB  
N(1)-C(19)  1.349(3) N(1)-C(23)-C(22) 121.1(2) 
N(1)-C(23)  1.352(3) N(1)-C(19)-C(20)  120.6(2) 
N(1)-C(24)  1.505(3) C(19)-N(1)-C(24) 118.5(2) 
C(1)-C(2)  1.405(3) C(17)-C(18)-C(21) 127.2(2) 
C(17)-C(18)  1.359(4) C(18)-C(17)-C(1) 123.7(2) 
C(22)-C(23)  1.359(3) C(19)-N(1)-C(23) 120.0(2) 
C(24)-C(25)  1.510(4)      C(2)-C(1)-C(17)        120.1(2) 
C(18)-C(21)  1.447(3)  
 





100 mg of GO was dissolved in 30 mL of DI water using table top ultra sonicator 
(50/60 Hz), then 10 mL of 2% Na2CO3 was added to it. The mixture (pH ~11) was well shake 
or stirred and sonicated for a while. Excess Na2CO3 was removed by washing with DI water 
for several times, till pH is ~ 7-8.  Then 30 mL of PNPB (3 × 10
-3 
M) aqueous soluiton was 




 sediment. Resulting mixture was sonicated at 15-20°C for 3 hrs, 
excess dye was removed by washing with DI water then with DMF for several times. The 
resultant product was dried and charecterized by spectroscopic techniques such as UV/Vis, 
fluorescence, FT-IR and AFM. 
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3.3. Results and discussion: 
 
3.3.1. Synthetic Strategy: Ion Exchange Method:                       
 
Scheme 3.1. (a) Synthesis route to PNPB (b) Schematic illustration of ion-exchanging 
process. 
Pyrene derivatives are well-known for their noncovalent interactions with molecules 
having π-electron-rich frameworks.[4,9] To apply them in biosensing, we designed a water 
soluble and positively charged dye, namely, 4-(1-pyrenylvinyl)- N-butylpyridinium bromide 
(PNPB). This positively charged dye can interact with negatively charged GO to form a 




 (Scheme 3.1). 
As shown in Scheme 3.1(b), the carboxyl protons at the edges of GO first undergo ion 
exchange with Na
+




is linked to the edges or basal 
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planes of GO, it can also undergo π-π interactions with GO via its pyrene moiety.[4]  As a 




 complex is quenched immediately     





3.3.2. FT-IR Studies: 




shows the presence of vibrational features assignable 
to the functional groups in both GO and PNPB (Figure 3.2), and thus attests to successful 
coupling between them.  
 





Comparative spectra of the different samples were obtained as shown in Figure 3.2.  
The sharp peak at 1728 cm
-1
 is attributed to the C=O group, the peak at 1627 cm
-1
 is due to 
the stretching vibrations of C=C or unoxidized graphitic domains in GO.  In the spectrum of 
PNPB, a sharp peak at 1612 cm
-1
 can be assigned to the –C-H bending vibrations of pyrene 
ring, the peak at 1172 cm
-1
 is mainly due to the butyl chain linked with pyridinium ring.   The 
trans-disubstituted alkene is proven by the existing peak at 965 cm
-1
 and the existence of peak 
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at             840 cm
-1 





complex, the spectrum clearly shows the presence of vibrational peaks attributable to both 
GO and with PNPB.   The peak at 1728 cm
-1
 proves the existence of -C=O group, a sharp 
peak at 1165 cm
-1
 is mainly due to the strong –C-O stretching vibrations, the peak at 1658 
cm
-1
 is attributed to the unoxidized graphitic domain, the peak at 848 cm
-1
 again proves the 
existing para substituted pyridinium in the complex, but here the vibrational frequency is 
higher than that of PNPB.
  






3.3.3. AFM Characterization: 
 










The samples were prepared by spin-coating on silicon oxide-coated silicon substrate.    
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 (b). As shown in 





 complex sheets show a higher step height at the edges than GO. This suggest the 
selective absorption of PNP
+
 on the edges of GO. It is possible that with the edge provides 
nucleation site for the cooperative assembly of PNP
+
 since the features are larger than 






3.3.4. UV-Vis Spectroscopic Studies: 
 







PNPB (2×10-6 M), GO(~34 mgL
-1
) (b) Concentration-dependent UV/Vis absorption spectra 
of PNP+GO- (from 11.2 mgL
-1
 to 25.2 mgL
-1
 (a-h) respectively), inset shown is the plot of 
optical density at 238 nm versus concentration (mg L
-1
). 










, the peak shifts from 431 to 446 nm (Δλ =15 nm), and the absorption peak 















(Figure 3.4 (b)).  Beer’s law was used to estimate the effective extinction 
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 with an R value of 0.997. The linear relationship between concentration and 









complex is also soluble in common organic solvents such as o-dichlorobenzene, ethanol, 
THF, and DMF.  
3.3.5. Fluorescence Studies:  
 




 (~ 20 mg L
-1








 and PNPB (Figure 3.5) reveal the exited-state 
interactions of GO and PNP
+




solution is observed, brought about by photoinduced electron or energy transfer, similar to 









 complex, we carried out 





 which will be discussed in Section 3.3.11. Charge-transfer dynamics.   
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3.3.6. Surfactants – Fluorescence enhancing ability: 




 or strong anion– PNP+ attraction can release PNP+ from 
the bound complex, and this turns on the fluorescence from the default off state due to 
quenching.  A systematic study was performed to investigate the roles of positively and 





include the negatively charged sodium dodecylbenzenesulfonate (SDBS) and sodium 
dodecylsulfonate (SDS) as well as the positively charged hexadecyltrimethylammonium 
bromide (HDTA) and tetrabutylammonium iodide (TBA) ( See Figure 3.6 for their 
structures). 
 
    






) complexed with 
different surfactants at equal concentration of 1 mM and their fluorescence under UV light 
(inset). 
  The plot of fluorescence intensity recovery in Figure 3.6 shows that SDBS is much 
more efficient in turning on the fluorescence than SDS. From this, we deduce that, besides 
electrostatic interactions, noncovalent interactions (here due to the π-electron clouds of the 
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benzene ring in SDBS) are also crucial in releasing PNP
+
 from the complex.   The interplay 




 may impart selectivity towards 




 is selective for 
DNA, RNA, proteins, and mono/ polysaccharides, which are commonly present in blood 
serum or cell extract.  
3.3.7. Biomolecules – Fluorescence enhancing ability and DNA selectivity: 
 







complexed with DNA, RNA, proteins (BSA, heme, BLP, CTA), and glucose at equal 
concentrations of 20 μm. (c) Selectivity studies with different surfactants and biomolecules: 
1) SDBS, 2) SDS, 3) HDTA, 4) TBA, 5) 5) NH4OH, 6) DNA, 7) RNA, 8) BLP, and 9) 




 complexed with biological 
mixture of RNA, BSA, glucose, with and without DNA, under UV light. 
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The experiments were carried out with the sodium salt of double-stranded DNA 
extracted from salmon testes, RNA from baker’s yeast, bovine serum albumin (BSA), 
hemoglobin from bovine blood cells (heme), lens protein from bovine eye (BLP), α-cymo-
trypsinogen-A (CTA), and d-(+)-glucose.  




 complexed with different 
biomolecules at equal concentrations. The fluorescence-enhancing capability of DNA is eight 
to ten times higher than those of RNA, proteins, and glucose (Figure 3.7(b)).  
 




.  DNA can complex efficiently with PNP
+




-, and thus switches on the fluorescence. Other biomolecules undergo π-π 
stacking on GO but do not remove PNP
+
 from GO, and thus fluorescence remains quenched. 
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 for double-stranded DNA is the 










Being a large 
and supercharged molecule, DNA has a greater ionic attraction for PNP
+
 than the weakly 
ionizable GO
[7]
 (more weakly charged than DNA), and thus ion exchange can proceed as 
illustrated in Scheme 3.2. 




 complex is selective for DNA over other 
bio-molecules. Even though RNA is made up of similar nucleotides to DNA (except for 
thymine), it is not as efficient as DNA in turning on the quenched fluorescence. The single-
stranded and supercoiled structure of RNA allows it to undergo π- π stacking on the GO 
surface, but its complex-formation energy with PNP
+














 to see the fluorescence quenching effect. 
 Figure 3.8. (A) Fluorescence spectra of DNA(20μM)/PNP+(2×10-6M) hybrid with different 
amounts of GO ranging from 0 to 30 mgL
-1




hybrid mixed with GO 
of   (a) 0 mgL
-1
 (b) 5 mgL
-1
 (c) 10 mgL
-1
 (d) 15 mgL
-1
 (e) 20 mgL
-1
 (f) 25 mgL
-1
 (g) 30 mgL
-1
 
and (h) 35 mgL
-1
, under UV light. 
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 in the range of 0-25 mgL
-1
 (Figure 3.8 (B) a-f ). For all biosensing 







 solution, in which the amount of GO is obviously < 10mgL
-1
. This provides direct 




















 complexed with different concentrations of 
DNA ranging from 10 to 400 nm b) Calibration plot of fluorescence intensity at 580 nm 
versus concentration of DNA [nM]. The inset shows the calibration plot at low concentrations 




 complexed with different concentrations of 
DNA under UV light. 
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 complex can be used to detect traces of DNA present in a given 
biological mixture. A linear relation was observed between the fluorescence intensity and the 
amount of DNA (Figure 3.9). Such quantitative detection is very useful for determining the 
amplification yield of the polymerase chain reaction (PCR) before sequencing
 [18]
 and to 
identify contaminant DNA in recombinant protein products.
[19]
 Most importantly, unlike 
other, toxic assays for DNA quantification such as ethidium bromide or PicoGreen®, this 
cost-effective graphene-based powder is thermally quite stable and safe to handle. Moreover, 




 made rapid and selective detection of 
DNAwith a detection limit of 1 nm possible in this experiment. 
3.3.10.  Non-linear Optical limiting Properties: 
Nonlinear optical effects can arise from charge-transfer complexes because of the 
possibility of multiphoton absorption in the dye, which can give rise to reverse saturable 
absorption effects in optical limiting.
[20]
 Alternatively, rapid absorption of laser energy by the 
dye and efficient energy transfer to GO can lead to the ionization of GO sheets, which forms 
rapidly expanding microplasmas. These microplasmas strongly scatter light from the 
transmitted beam direction, and this leads to a decrease in the measured transmitted light 
energy.
[21]





deionized water was studied with nanosecond laser pulses (7 ns) at 532 and 1064 nm. The 




 are 63 and 74% at 532 and 1064 nm, respectively. Figure 
3.10 (a) shows that, at lower input fluences, there is no significant change in the 




, but when the input fluence is increased beyond a 




 decreases, that is, it shows an optical-




 starts at 0.21 J cm
-2
, which is 
much lower than those of individual GO (1.51 J cm
-2
) and PNPB (1.50 J cm
-2
) but 
comparable to that of graphene–oligothiophene composite (0.15 J cm-2).[22]  
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),                
GO (34 mg
-1
), and PNPB (2 ×10
-6
 M), measured with 7 ns laser pulses at a) 532 and              




, GO and PNPB solutions at laser 
pulses of 532(c and e) and 1064 nm (d and f), where c) and d) show intensity-dependent 
scattering signals at 532 and 1064 nm, respectively, and e) and f) angle-dependent scattering 
signals at 532 and 1064 nm respectively. 
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At 532 nm, the limiting threshold value (the input fluence at which the transmittance 




 is 1.55 J cm
-2
 ; this is much improved 
from pure GO and better than that of the benchmark optical liming material C60 (3.0 J cm
-2
) 
measured on the same system.
[23]
 Compared to reported graphene composites, in which the 
optical limiting is mainly effective in the visible region,
[10, 22, 18]
 one advantage is that the 




 can be extended to the near-infrared range.          




, GO, and PNPB 
solutions at 1064 nm. When the incident laser fluence exceeds 2 Jcm
-2
, an abrupt drop in 




 solution at a limiting threshold of 8.10 J cm
-2
. At 




 is better than that of carbon nanotubes 
(10 J cm
-2
) measured on the same system.
[25]
 Thus such graphene oxide– organic dye ionic 
complexes have potential as broadband optical limiters. 
Figure 3.10 (c) and (d) show the dependence of the scattering signals, collected at an 
angle of 40° to the propagation axis of the transmitted laser beam at 532 and 1064 nm, on 





from linear behavior. 
Figure 3.10 (e) and (f) show the scattered signals at different angles (every 5° from 




, GO, and PNPB at an 
incident intensity of 1.4 J cm
-2
 for 532 nm laser pulses and 5.0 J cm
-2
 for 1064 nm laser 




 are significantly larger than those of GO and 





below 20° for  532 and 1064 nm.  Since increased scattering intensity results in decreased 
transmission, nonlinear scattering appears to be responsible for the optical limiting here. 
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Similar to the optical-limiting mechanisms of carbon black
[26]
 and carbon nanotubes,
[27]
 the 




 is mainly caused by two types of scattering centers that exist 








, rapid transfer 
(40ps see Figure 3. 11)  of the excitation energy absorbed by the dye (PNPB) molecules to 




 microplasmas which act as primary scattering centers, and 
the microplasma is dissipated to the surrounding solvent. Consequently, the solvent is heated 
and forms microbubbles, which act as secondary scattering centers for input laser pulses.
[21]
 
3.3.11. Charge-transfer Dynamics: 




complex, we carried out 






         
 
 




 aqueous solutions 
monitored at 530 nm with a pulse energy of 20nJ/pulse. The solid lines shown are the best fit 
with multi exponential function after deconvolution. 
From Figure 3.11, it can be seen that the dynamics of PNPB (dye) are dominated by 
photoabsorption, which originates from larger absorption cross section of exited state 
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compared to ground state with a relaxation time of 2.6 ns. No signal was observed for GO 
solution under this experimental configuration. However, linking PNPB to GO offers an 
additional route to dissipate the excess exited state energy of dye via ultrafast charge transfer 
with a decay time of 40 ps. 
3.4. Conclusions: 
In conclusion, we have synthesized a graphene oxide–dye charge-transfer complex by 
a simple ion-exchange process. We demonstrate that the GO–dye complex can be used as an 
optical sensor for DNA, for which it is selective over a variety of commonly used surfactants 
and biomolecules. Unlike other toxic assays used for DNA quantification, no special 
precautions were required to handle this thermally stable graphene-based powder. The       
GO–dye complex also shows good broadband optical-limiting properties. Hence, this work 
inspires the development of multifunctional GO-based hybrid materials through a simple ion-
exchange process involving the ionizable functional groups in GO. The concept can be 
extended to the creation of strong or weak acid groups on GO by functionalizing it with other 
acidic groups, for example, sulfonate groups. Taking advantage of the high surface area of 
GO, potential applications of such GO ionic complexes also include ion-exchange resins for 
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Chapter 4  
Photoactive PDI-Cobalt Complex immobilized on Reduced Graphene 







The photoelectrochemical splitting of water has attracted much attention due to its 
potential application for the conversion of solar energy into hydrogen fuel. 
 
Herein, we report 
the synthesis of a perylene derivative (perylene tetracarboxylic di-(propyl imidazole), 
abbreviated as PDI) which is coordinated with Co (II) ions to form a co-ordination polymer 
[PDI-Co(Cl)2(H2O)2]n (abbreviated as PDI-Co). The PDI-Co complex combines the 
photoactivity of the perylene dye and the electrocatalytic activity of the “Co(II)” centre for 
photoelectrochemical hydrogen evolution reaction (HER). To improve charge transfer 
interactions, the PDI-Co complex is immobilized on reduced graphene oxide (rGO) via non-
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covalent interactions to form the rGO-PDI-Co complex. The turnover number (TON vs Co
II
) 
of this hybrid material for HER (754 after 5 hrs) is considerably higher than previously 
reported dye-sensitized cobalt-based catalysts. 
4. 1. Introduction 
 
The photoelectrochemical (PEC) splitting of water into hydrogen and oxygen, also 
known as artificial photosynthesis, affords a way of storing solar energy as hydrogen fuel.
[1]
 A 
typical PEC consist of an anode (generally n-type semiconductor) which absorbs solar energy 
and converts that into oxidative potential for extracting electrons from water, these electrons 
are then shuffled to the cathode for hydrogen generation via proton reduction reaction.
[2] 
To 
increase the efficiency of solar energy conversion, it is desirable to develop a photoactive 
material that works in visible region of solar spectrum. Perylene derivatives are useful organic 
chromospheres for light-driven water splitting systems because of their high molar 
absorbitivity, stability, inexpensive synthesis and self assembly properties.
[3] 
 For example, the 
perylene and cobalxime catalyst of Wasielewski et. al.
[4]
 forms a donor-acceptor pair whose 
photo-induced electron transfer ability enables it to show enhanced performance for hydrogen 
generation. 
Compared to molecule-metal ‘dyads’,  metal ions co-ordination polymer networks  
have attracted great interest because of their intriguing structural diversities and interesting 




 and non-linear optics
[7]
 etc. For 
instance, Würthner et al.
[8]
 reported a photoluminiscent coordination polymer formed from 
perylene bisimide and Zn(II) ions. Due to their multinuclear absorption and fluorescence 




Herein, we report a cobalt ion-bridged perylene co-ordination polymer for hydrogen 
evolution reaction (HER). In general, it is helpful to have an electron mediator to supply the 
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photo-induced electron from the photosensitizer to cobalt catalyst.
[4]
  The aromatic scaffold of 
reduced graphene oxide (rGO) allows it to act as an efficient electron mediator.
[2]
 Porphyrin 
immobilized on rGO had been demonstrated as an efficient catalyst for photosynthetic 
production of formic acid from CO2.
[10]







 and Cu2O-rGO/Pt 
[2]
 demonstrated the 
efficiency of rGO as a good electron mediator to enhance the photoelectrocatalytic hydrogen 
evolution. In this work, we use rGO as the scaffold and electron transfer mediator for the 
photocatalytic system in water splitting and observed a TON value that is highly competitive 
with the state of the art. 
   
4. 2. Results and Discussion:  
 
To form a photoactive perylene co-ordination polymer network, the core perylene is 
modified with coordination ligands on either side of its core structure. Imidazole derivatives 





Motivated thus, a perylene derivative (perylene tetracarboxylic di(propyl Imidazole) (PDI)) 
with two imdazole groups on either side of the core perylene moiety is synthesized (See 
Supporting information) from perylene-3,4,9,10-tetracarboxylic dianhydride and an 1-(3-
amino propyl) imidazole.
[16]
 When PDI is mixed with CoCl2.6H2O in 1:1 ratio, 2 water 
molecules from CoCl2.6H2O are exchanged with two imiazole moieties forming a co-
ordination polymer network  [PDI-Co(H2O)2Cl2]n or PDI-Co (Fig. 4.1).
[16]
 The coupling 
between PDI and CoCl2.6H2O is facile and produces an instantaneous color change from 
orange to pink. To improve charge-transfer interactions, the PDI-Co was immobilized on 
reduced graphene oxide (rGO) via non-covalent interactions to form rGO-PDI-Co complex.  
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Figure  4. 1:  Sysnthetic route for the coupling PDI to CoCl2 to form “PDI-Co” polymer. (a) 
PDI in CHCl3 (b) Separation of CoCl2.6 H2O solution on the top of PDI solution (color 
changed due to diffusion of CoCl2) and (c) After 4 h of heating, formation of  “PDI-Co” 
polymer precipitate. (In set- SEM image of final product) 
 
 
UV/Vis absorption studies were carried out to probe the photophysical properties and 
charge transfer interactions of PDI, PDI-Co, rGO and rGO-PDI-Co complex. As  shown in 
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Fig. 4. 2, there is a strong absorption for PDI at 485 nm and 525 nm which is mainly due to 
the π-π* transitions of the perylene core.[15] When PDI is coordinated to the Co(II) ions,  the 
peak at 525 nm is red shifted to 580 nm indicating a strong interactive coupling between PDI 
and Co(II).
[4]
 The resultant 580 nm peak is further shifted to 596 nm upon π-π stacking on 
rGO, suggesting electron transfer from PDI-Co to rGO.
[18]
 Overall, a huge and broad red shift 
of ~70 nm (Fig. 4. 2) renders this rGO-PDI-Co complex a visible light responsive material. 
The characteristic graphene peak at 263 nm ( due to π-π* transition)[19] serves as an evidence 
for the presence of rGO in rGO-PDI-Co complex. Fourier Transform Infrared (FITR) 
spectroscopic studies also provide further evidence of the chemical structure from the 
fingerprint peaks of the respective components (Supporting Information Fig. S4). Scanning 
Electron Microscopy (SEM) and Electron Dispersion X-ray Spectroscopy (EDS) analysis of 
PDI-Co shows the morphology and the special distribution of C, N, O, Co and Cl elements in 
the composite. (Fig. S4 and S5). Thermal gravimetric analysis (TGA) characterizations were 
also carried out to understand the thermal behavior of rGO-PDI-Co (Fig. S6). 
 
Figure 4. 2 :  UV-Vis absorption Spectra of PDI and PDI-Co and rGO-PDI-Co suspensions 
in DMF/ethanol mixture. (a) Comparison between PDI and PDI-Co (b) Comparison between 
PDI-Co, rGO and rGO-PDI-Co. 
 
The electrochemical behavior of PDI, PDI-Co and rGO-PDI-Co in the dark was 
investigated. For this, PDI, PDI-Co and rGO-PDI-Co suspensions in ethanol solution were 
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drop casted and allowed to dry on a platinum disk electrode. Cyclic voltammograms (CV) 
were recorded using a standard 3 electrode electrochemical set-up at a scan rate of 10 mV/s 
(Fig. 4.3(c)).  0.1 M of tetrabutyl ammonium hexafluorophosphate (TBA) in dry acetonitrile 
was used as the electrolyte.  
 
Figure 4.3. (a) Cyclic voltammogram(CV)s of (i) PDI-Co (ii) rGO:PDI-Co (0.2:1) (iii) 
rGO:PDI-Co (0.4:1)  and (iv) rGO:PDI-Co (0.8:1); all voltammograms were measured in dry 




) at a scan rate of 10 mV.s
-1
. (b) Active cobalt mass 
comparison among various composites of rGO/PDI-Co and (c) comparative CV plots of PDI, 
PDI-Co and rGO-PDI-Co. 
 
A strong reversible reduction peak at -1.28 V (vs ferrocenium/ferrocene Fc
+
/Fc) in Fig 
4.3(c) corresponds to the reduction of PDI.
[15]
 Upon coupling with the cobalt complex, an 
additional peak centered at -1.07 V (vs Fc
+
/Fc) assignable to the Co(II)/Co(I) redox appears. 
The reduction potentials of both PDI and Co(II)/Co(I) are in good agreement with the 
Chapter 4: Graphene- Dye-Metal Complex 
 




 In the case of rGO-PDI-Co, the corresponding Co(II)/Co(I) peak is shifted 
slightly towards positive potential ( From -1.07 V to -1.04 V) whereas the position of the PDI 
reduction peak remains unchanged (Fig. 4.3(c)). The current densities of both peaks are larger 
for rGO-PDI-Co as compared to individual rGO and PDI-Co.  
As shown in Fig. 4.3, the active cobalt catalyst concentration in the rGO-PDI-Co sample can 
be estimated from the integration of the mono-electronic wave at -1.04 V, which is calculated 




  from Charge    
 
 
 ∫  ( )   
  
  
   (see supporting information for 
details). The concentration of active Co catalyst in the rGO-PDI-Co allows us calculate the 
turnover number, which will be discussed in later sections. To enhance the synergetic 
interaction in rGO-PDI-Co complex, it is important to optimize the ratio of  rGO and PDI-Co. 
Accordingly, we have studied various rGO/PDI-Co composites with different ratios of rGO 
and PDI-Co (Fig, 4.3(a, b)) and found that rGO: PDI-Co with a weight ratio of 0.4:1 yields  
the highest active-Co(II) mass of 72.1 nmol/cm
2
 among the composition we have synthesized.  
 
Figure 4.4: (a) Liner voltammograms (LSV) of rGO-PDI-Co for Hydrogen evolution 
reaction (HER)  under visible light illumination (λ> 400nm) in 1 M phosphate buffer pH 6.8  
at scan rate 10 mVs-1  (b) Incident photon to current conversion efficiency (IPCE) 
comparative spectra of rGO-PDI-Co, PDI-Co and rGO films deposited on ITO and tested as a 
function of incident light wavelength. 
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The photoelectrochemical activity of optimized rGO-PDI-Co(0.4 :1) for HER is 
examined in N2-saturated 1M phosphate buffer solution. For this purpose, the rGO-PDI-Co 
suspension is deposited as a thin film on ITO. Linear sweep voltammogram (LSV) is recorded 
at scan speed of 10 mV s
-1 
under visible light irradiation (300W xenon lamp with a 400nm 
cut-off filter as a visible light source.) The onset potential for HER is observed to shift from -
0.24 V to -0.14V for the rGO-PDI-Co complex under illumination. (Fig. 4.4(a)) 
Compared to recently reported CNT-cobalt molecular catalyst
[24]
 where the on-set 
potential for HER is  -0.35 V (Vs RHE), the present rGO-PDI-Co shows enhanced 
performance.  When the photoexcited electrons are generated from PDI, they are captured by 





Figure 4.5: Schematic representation of possible electron transfer processes in rGO-PDI-Co 
complex for photoelectrochemical hydrogen evolution reaction. 
Fig. 4.5  also illustrates electron transfer process in rGO-PDI-Co according to the band 
gap level. The conduction band level of rGO (-4.42 eV) 
[11] 
is lower than the work function of 
singlet state energy of exited PDI i.e, 2.31eV (from Guassian bandgap calculations), favoring 
charge-transfer from PDI to rGO.
[11]
  From rGO, the electrons are transferred to the Co(II)-H 
complex to generate Co(I)  and  molecular hydrogen.
[26]
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The incident-photon-to-current conversion efficiencies (IPCE) of PDI-Co, rGO and 
rGO-PDI-Co are as shown in Fig. 4.4(b)  The photocurrent action spectra are recorded at -0.4 
V (vs RHE) with a wavelength-tunable excitation.   
IPCE action spectra are calculated by normalizing the photocurrent values with 
incident light energy and intensity.
[27]
 
    ( )   
        
         
      ……………………..….. (Eq. 1) 
Where J is photocurrent density (mA cm
-2), ‘λ’  is wavelength of incident light, and Pmono is 
light power density (mW cm
-2
). The IPCE value of rGO-PDI-Co is 8%, much higher than the 
1.5% observed for PDI-Co, which proves that rGO is needed as a conductive scaffold to relay 
the photoexcited carriers. The obtained IPCE value is also higher than a reported rGO-BiVO4 




Figure 4.6: (a) Amount of H2 evolved from rGO-PDI-Co, rGO PDI-Co and                     
samples illuminated under visible light and at an applied potential of -0.4V (vs RHE). (b) 
Evolution of the current densities during the photoelectrochemical hydrogen evolution and (c) 
Charge passed during the same experiments 
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Following, HER is quantified using a online gas chromatographic (GC) TCD detector. The 
evolution of hydrogen gases during the photoelectrochemical water splitting reaction is 
measured for all samples in 1 M PBS buﬀer solution at pH 6.8 with an applied bias of -0.4 V 
vs RHE. Fig. 4.6(a)  shows the photocatalytic H2 evolution of rGO-PDI-Co under visible light 
(λ > 400 nm) irradiation. The amount of H2  evolved from rGO-PDI-Co after 30 min of 
irradiation is ~ 0.4 mmol g
-1
, which is higher than that produced from PDI-Co and rGO alone( 
Fig. 4.6(a)). After 5 hrs, the amount of hydrogen evolved from rGO-PDI-Co increases to ~1.2 
mmol g
-1, which translates to  a HER evolution rate of 225 μmol g-1h-1. This performance 







4.6(b) depicts the current densities during the photoelctrochemical hydrogen generation, 
which can be converted into the charge densities during the process (Fig. 4.6(c)). Compared 
to rGO and PDI-Co, the charge density at rGO-PDI-Co is always higher at any given time. 
The charge density of rGO-PDI-Co reaches ~10.5 C/ cm
2
 by 5 h whereas ~4.5 C/cm
2
 is 
observed for PDI-Co.  
Considering that two electrons are required for the formation of a H2 molecule 
[24]
 and 




estimated from CV studies, we can 
calculate the turnover number (TON vs Co
II
) of rGO-PDI-Co to be ~ 754 (after 5 hrs of 
operation) (see supproting information for details). The TON of rGO-PDI-Co (TON ~754 vs 
Co
II
 after 5 hrs) is higher than that of reported dye sensitised-cobalt catalysts for HER. For 
example, ruthenium based-photosensitizer ([Ru(bpy)3]
2+
) coupled with [Co(bpy)3]
2 [29]
 shows 










  Recently, it is highlighted that xanthene dye-coupled [Co(dmgBF2)2(H2O)2] can reach a 
TON of 212 vs Co
(II)
. The enhanced performance of rGO-PDI-Co
[30]
 composite can be 
attributed to the higher photostability of perylene dye and the the conductive nature of  rGO 
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4. 3. Conclusions: 
A perylene-cobalt coordination polymer (PDI-Co(II)) was successfully synthesized 
and  coupled to reduced graphene oxide (rGO) via non-covalent interactions to form a 
catalytically active composite for HER. A strong red shift of 70 nm in absorption peak of PDI 
provides the evidence for strong charge transfer interactions between rGO and PDI-Co.   
Synergistic interaction between rGO and PDI-Co(II) polymer promotes charge transfer and 
photocatalysis and enhances the hydrogen yield of the photoelectrochemical water spitting 
reaction significantly compared to control samples. The TON (vs Co
II
) of rGO-PDI-Co 
reaches 754 after 5 hrs of photo-catalyzed water splitting. Thus, this work demonstrates that 
interfacing coordination polymer with rGO can generate a highly effective 







K. P. Loh thanks MOE Tier 2 grant “Interface engineering of graphene hybrids for energy 




[1] A. Fujishima, K. Honda, Nature 1972, 238, 37-38. 
[2] P. D. Tran, S. K. Batabyal, S. S. Pramana, J. Barber, L. H. Wong, S. C. J. Loo, 
Nanoscale, 2012, 4, 3875-3878. 
Chapter 4: Graphene- Dye-Metal Complex 
 
75 | P a g e  
 
[3] M. T. Vagnini, A. L. Smeigh, J. D. Blakemore, S. W. Eaton, N. D. Schley, F. 
D’Souza, R. H. Crabtree, G. W. Brudvig, D. T. Co, M. R. Wasielewski, Proc. Nat. 
Acad. Sci. 2012, 109, 15651-15656. 
[4] B. S. Veldkamp, W.-S. Han, S. M. Dyar, S. W. Eaton, M. A. Ratner, M. R. 
Wasielewski, Energy Environ. Sci. 2013, 6, 1917-1928. 
[5] R.-Q. Zou, R.-Q. Zhong, M. Du, D. S. Pandey, Q. Xu, Cryst. Growth Des. 2007, 8, 
452-459. 
[6] Y.-F. Zeng, X. Hu, F.-C. Liu, X.-H. Bu, Chem. Soc. Rev. 2009, 38, 469-480. 
[7] E. Cariati, R. Macchi, D. Roberto, R. Ugo, S. Galli, N. Casati, P. Macchi, A. Sironi, L. 
Bogani, A. Caneschi, D. Gatteschi, J. Am. Chem. Soc. 2007, 129, 9410-9420. 
[8] R. Dobrawa, M. Lysetska, P. Ballester, M. Grüne, F. Würthner, Macromolecules 
2005, 38, 1315-1325. 
[9] V. Stepanenko, M. Stocker, P. Muller, M. Buchner, F. Wurthner, J. Mat.Chem. 2009, 
19, 6816-6826. 
[10] R. K. Yadav, J.-O. Baeg, G. H. Oh, N.-J. Park, K.-j. Kong, J. Kim, D. W. Hwang, S. 
K. Biswas, J. Am. Chem. Soc. 2012, 134, 11455-11461. 
[11] Z. Mou, Y. Dong, S. Li, Y. Du, X. Wang, P. Yang, S. Wang, International Journal of 
Hyd. Ener. 2011, 36, 8885-8893. 
[12] J. Young Kim, J.-W. Jang, D. Hyun Youn, J. Yul Kim, E. Sun Kim, J. Sung Lee, RSC 
Advances 2012, 2, 9415-9422. 
[13] Y. H. Ng, A. Iwase, A. Kudo, R. Amal, J. Phy. Chem. Lett. 2010, 1, 2607-2612. 
[14] W. S. Hummers, R. E. Offeman, J. Am. Chem. Soc. 1958, 80, 1339-1339. 
[15] A. Keerthi, S. Valiyaveettil, J. Phy. Chem. B 2012, 116, 4603-4614. 
[16] A. M. Atria, P. Cortes, M. T. Garland, R. Baggio, Acta Cryst. 2003, 59, m396-m398. 
[17] K. B. Reddy, M.-o. P. Cho, J. F. Wishart, T. J. Emge, S. S. Isied, Inorg. Chem. 1996, 
35, 7241-7245. 
Chapter 4: Graphene- Dye-Metal Complex 
 
76 | P a g e  
 
[18] J. Balapanuru, J.-X. Yang, S. Xiao, Q. Bao, M. Jahan, L. Polavarapu, J. Wei, Q.-H. 
Xu, K. P. Loh, Angew. Chem. Int. Ed. 2010, 49, 6549-6553. 
[19] M. Jahan, Q. Bao, J.-X. Yang, K. P. Loh, J. Am. Chem. Soc. 2010, 132, 14487-14495. 
[20] C. Su, M. Acik, K. Takai, J. Lu, S.-j. Hao, Y. Zheng, P. Wu, Q. Bao, T. Enoki, Y. J. 
Chabal, K. Ping Loh, Nat Commun 2012, 3, 1298. 
[21] C. U. de Navarro, F. Machado, M. López, D. Maspero, J. Perez-Pariente, Zeolites 
1995, 15, 157-163. 
[22] S. Koyuncu, M. Kus, S. Demic, İ. Kaya, E. Ozdemir, S. Icli, J. Poly. Sci. Part A: 
Poly.r Chem. 2008, 46, 1974-1989. 
[23] G. F. Moore, J. D. Blakemore, R. L. Milot, J. F. Hull, H.-e. Song, L. Cai, C. A. 
Schmuttenmaer, R. H. Crabtree, G. W. Brudvig, Energy Environ. Sci. 2011, 4, 2389-
2392. 
[24] E. S. Andreiadis, P.-A. Jacques, P. D. Tran, A. Leyris, M. Chavarot-Kerlidou, B. 
Jousselme, M. Matheron, J. Pécaut, S. Palacin, M. Fontecave, V. Artero, Nat Chem 
2013, 5, 48-53. 
[25] E. E. Kalu, T. T. Nwoga, V. Srinivasan, J. W. Weidner, J. Pow. Sour. 2001, 92, 163-
167. 
[26] W. M. Singh, T. Baine, S. Kudo, S. Tian, X. A. N. Ma, H. Zhou, N. J. DeYonker, T. 
C. Pham, J. C. Bollinger, D. L. Baker, B. Yan, C. E. Webster, X. Zhao, Angew. Chem. 
Int. Ed. 2012, 51, 5941-5944. 
[27] E. S. Kim, N. Nishimura, G. Magesh, J. Y. Kim, J.-W. Jang, H. Jun, J. Kubota, K. 
Domen, J. S. Lee, J. Am. Chem. Soc. 2013, 135, 5375-5383. 
[28] M. Latorre-Sánchez, C. Lavorato, M. Puche, V. Fornés, R. Molinari, H. Garcia, Chem. 
Eur. J. 2012, 18, 16774-16783. 
[29] J. Dong, M. Wang, P. Zhang, S. Yang, J. Liu, X. Li, L. Sun, J. Phy. Chem.C 2011, 
115, 15089-15096. 
Chapter 4: Graphene- Dye-Metal Complex 
 
77 | P a g e  
 
[30] S.-y. Takizawa, C. Pérez-Bolívar, P. Anzenbacher, S. Murata, Eur. J. Inorg. Chem. 










4.5. Supporting Information 
 
Photoactive PDI-Cobalt Complex immobilized on Reduced Graphene 
Oxide for Photoelectrochemical Water Splitting. 
 
S1. Materials and Methods 
S1.1. Synthesis of Graphene Oxide (GO) 
S1.2. Synthesis of reduced Graphene Oxide (rGO) 
S1.3. Synthesis of Perylene tetracarboxylic Di-(propyl Imidazole) (PDI) 
S1.4. Bandgap calculations 
S1.5. Synthesis of Co-ordination polymer [PDI-Co-Cl2(H2O)2]n  or PDI-Co 
S.1.6. Estimation of active Cobalt concentration in rGO:PDI-Co (ratio 0.4:1) 
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S1. Materials and Methods 
Chemicals and Materials: CoCl2.6H2O was purchased from Alfa Asear and Graphite 
powders (Grade 230 U) were provided by Asbury Graphite Mills Inc. All the other chemicals 
were purchased from Sigma Alrdrich and used without further purification: Perylene-3,4,9,10-
tetracarboxylic dianhydride, Imidazole,  sodium borohydride (~ 98%). All solvents were 
reagent grade and purified in accordance with standard procedures before use. 
S1.1. Synthesis of Graphene Oxide (GO) (Modified Hummers’ method)[1]  
To 3 g of graphite flakes (Asbury Carbons Ltd.) and 3 g of NaNO3 in a 1 L round 
bottom flask, 135 mL of conc. H2SO4 was added. This mixture was allowed to stir for 10 min 
at 0-5°C.  Then 18 g of KMnO4 was added slowly to the mixture over a period of 1.5 – 2 h. 
After that the flask was shifted to water bath and reaction mixture was stirred at 35 °C for 1 h, 
during which 240 mL of DI water was added slowly.  Next, the temperature was allowed to 
increase 90 °C and stirred for 1hr. The reaction was ended by the addition of 240 mL of DI 
water and  15 mL of 30% H2O2 which results in a change of color from yellow to brown. The 
warm solution was then filtered and washed with water. The filter cake was sonicated in water 
to exfoliate the oxidized graphene, the product was centrifuged at 14000 rpm for 20min and 
washed several time with DI water till the pH of decontant reached to 4-5.  
S1.2. Synthesis of reduced Graphene Oxide (rGO) 
  400 mg of dried GO was placed in a quartz tube and annealed at 300°C under 
hydrogen atmosphere. Most of the oxygen functional groups were removed to get conductive 
reduced graphene oxide (rGO) sheets.
 
 
S1.3. Synthesis of Perylene tetracarboxylic Di-(propyl Imidazole) (PDI):  
 
Chapter 4: Graphene- Dye-Metal Complex 
 
79 | P a g e  
 
In an inert atmosphere, 15 g of imidazole and Perylene-3,4,9,10-tetracarboxylic 
dianhydride (2 g, 1.27 mmol) was mixed with 4 mL of 1-(3-aminopropyl) imidazole and 
heated to 120°C for 12 h. The reaction mixture was cooled to room temperature and the crude 
solid was dissolved in 250 mL of CHCl3 and sonicated for 30 min.  300 mL of DI water was 
added to CHCl3 solution and the unreacted anhydride precipitate was separated by filtration. 
The remaining compound in CHCl3 solution was further washed with DI water for several 
times to remove dissolved imidazole. Finally, the fluorescent compound od Perylene 
tetracarboxylic Di-(propylimidazole) (PDI) (500 mg, 25% yield) was obtained after 
evaporating CHCl3. PDI molecular formula: C36H28N6O4, MALDI- TOF (+m/z) 607; (-m/z) 
606. Elemental Analysis: C % 71.04, H% 4.64, N% 13.81.  The product can be grown into 
microcrystalline wires of size >10 μm (Fig. S1). 
  
Figure S1.  Scanning electron microscopic (SEM) images of PDI. Higher magnification 
(right) 
 
S1.4. Band gap calculations: 
The geometry optimization of PDI  was performed using Gaussian 09  at the density 
functional theory (DFT) level with the B3LYP functional and a 6-31G* basis set.   
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Figure S2:  Frontier orbitals of PDI calculated using DFT at the B3LYP/6-31G* 
The HOMO and LUMO surfaces are generated from the optimized geometries using 
GaussView 5.
 
The calculated HOMO and LUMO levels for PDI are  at -6.006 eV and 3.699 




S1.5. Synthesis of Co-ordination polymer [PDI-Co-Cl2(H2O)2]n  or PDI-Co: 
As shown in the Fig. 1(a) (main text), a very dilute 15 mL solution of PDI in CHCl3 
was filled in a 20 mL glass vial and heated to 60°C slowly. Later, a 0.5mL ethanol solution of 
CoCl2.6H2O was added as a top layer on PDI solution (Fig. 1 (b)) and continued heating for 4 
h. In this process the color of the mixture turned to pink and slowly formed a crystalline 
product of [PDI-Co-Cl2(H2O)2]n  or PDI-Co (Fig. 1(c)). The product was filtered and 
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S1.6. Fourier Transform Infrared Spectroscopy (FTIR) studies: 
 
Figure S3.  Comparative FITR Spectra of PDI, PDI-Co, rGO and rGO-PDI-Co 
 Fourier Transform Infrared (FITR) spectra of all the samples are presented above.   In 
Fig. S3,  the presence of the imide linkage can be evidenced by the 1691 cm
-1
  and 1649 cm
-1
 
peaks, which correspond to the in-plane (asymmetric)  and out of plane (symmetric) –C=O 
stretching, respectively.
[2]
 The peak at 1343 cm
-1
 is attributed to C-N-C absorption of the 
imide ring.
[2]
 The peak at 2992 cm
-1
 is ascribed to the –C-H vibration from the methylene 
group of the spacer.
[2]




 peaks for 
PDI-Co  are mainly due the strong –OH stretching vibrations.[4] The –OH peak also can be 





 which are attributed to residual –C-O functional groups.[4] For rGO-PDI-Co, the 
overlap of rGO and PDI-Co peaks between 800 cm
-1
 to  1600 cm
-1 
was observed.  
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S1.7. SEM and Energy-dispersive X-ray spectroscopy (EDS)  Mapping: 
 
Figure S4: Scanning Electron Microscopy (SEM) , Electron Dispersion X-ray spectroscopy 
(EDS) analysis of PDI-Co 
 
Scanning Electron Microscopy (SEM) , Electron Dispersion X-ray Spectroscopy 
(EDS) analysis of PDI-Co show the morphology and the special distribution of C, N, O, Co 
and Cl elements in the composite. (Fig. S4) From the EDS analysis, the characteristic Co and 
Cl peaks can been clearly seen at 2.2 keV and 7.2 keV respectively.
[6]
 The morphology 
analysis shows that when rGO is introduced to PDI-Co to form rGO-PDI-Co, the PDI-Co 
particles are absorbed or wrapped into the rGO sheets. (Fig. S5) The surface interaction 
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between rGO and PDI-Co enables a multichannel environment which facilitates efficient 








S1.8. Thermogravimetric Analysis (TGA): 
 
The thermal stability of PDI-Co, rGO and rGO-PDI-Co composites was investigated 
by thermal gravimetric analysis under N2 atmosphere and with a heating ramp of 10°C/min to 
800°C. In the case of PDI-Co, the major weight loss at ~100°C is mainly due to the H2O 
molecules which are bound to the cobalt metal (Fig. S6). The weight losses at 320°C and 
450°C are caused by the decomposition of oxygen and imidazole functional groups and the 
perylene core.
[7]
 As shown in Fig. S6(c), rGO is quite robust up to 600°C and decomposition 
above 600 °C  may be due to oxidation by trace oxygen in the atmosphere to form volatile CO 
and CO2 species.
[4]
 The rGO-PDI-Co shows a thermal decomposition profile that is weighted 
by the proportions of PDI-Co and rGO in the composite.  
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Figure S6:  Thermo gravimetric analysis (TGA) recorded in N2 atmosphere at scan rate of 
10°C/min (a) comparative analysis (b) PDI-Co (b) rGO and  (c) rGO-PDI-Co complex. 
  
 
S 1.7. Estimation of active Cobalt concentration in rGO:PDI-Co (ratio 0.4:1): 
Charge    
 
 
 ∫  ( )   
  
  
   …………………………….(Eq. 1)  
v is scan rate (10 mV.s
-1
), I is current density (mA /cm
2
) V0 intial and Vf final voltages,        
The integration represents the area under the curve at -1.04 V [Co(II)/Co(I)] and is obtained 
as 0.08389 mA.cm
-2
.V (Calculated using Orgin 8.0 software) (Fig. 3 main text) 
Charge Q =  
  
 × 0.08389. ( 
        
      
 ) 





            ………………………………………..(Eq. 2) 
   Q= charge (C /cm
2
),  ne= no. of electrons/mol, F = Faraday constant = 9.648× 10
4
 C /mol 
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Number of electrons (in terms of moles per cm
-2





Since, one mole of electrons are involved in one mole of Co(II)/Co(I) reduction,
[7]
  
No. of moles of electrons/cm
2
 =  No. of moles of Cobalt active species/cm
2
. 








S 1.8. Calculation of turnover number (TON vs Co
II 
): 
                …………………………………….(Eq. 3) 
 Q is the charge (C /cm
2
) developed during the photoelectrochemical hydrogen evolution 
process at rGO-PDI-Co i.e., 10.5 C/cm
2
 (From Fig. 6(b) main text)  
ne is the number of electrons/mol and F is Faraday constant (9.648× 10
4
 C /mol) 




      
       
) 
            
    
           




So, the total number of electrons (in terms of moles per cm
-2





Since two electrons are required to generate one molecule of H2,
[7]
  
No. of moles of hydrogen generated = (no. of moles of electrons)/ 2 










Turn over number = 
                         
                                   (                         )
 
                              =  
                  
                 
 
                    TON = 754  (after 5 hrs of operation). 
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Graphene Oxide-supported Pd: An Efficient Bi-functional Catalyst for 







Graphene oxide (GO) and its derivatives have recently been recognized as versatile 
carbocatalysts in green chemistry. Herein, we report a bifunctional catalyst based on 
palladium nanoparticle (Pd) supported on baGO (baGO refers to base-acid treated GO) for 
one-pot cascade oxygen (open air) and hydrogen (1 atm) activation reactions to produce 
secondary amines by N-alkylation of primary amines. The catalytic activities of the baGO/Pd 
hybrid (yield up to 91% of desired product with 100% conversion) are superior to carbon 
black/Pd, GO/Pd, baGO/Au, baGO/Pt and baGO/Cu hybrids. The scope of the reaction has 
also been tested for various derivatives of benzylamines. Moreover, baGO/Pd works under 
milder reaction conditions (open air/O2, 1 atm H2) when compared to other classes of 
bifunctional catalysts reported for the same classes of reactions. 
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5.1. Introduction: 
Chemical exfoliation of graphite to produce graphene oxide (GO) provides a low-cost 
and scalable method to produce bulk quantities of graphene materials for a wide range of 
applications, ranging from electronics, photonics, structural reinforcement composites to 
biosensors.
[1]
 More recently, such low-cost graphene materials have found applications in a 





For example, Bielawski and co-workers
[4] 
demonstrated the 
remarkable ability of GO to catalyze alcohols to the corresponding ketones or aldehydes. GO 
has also been used as catalysts for the oxidation of alkenes to the corresponding diones, and 
alkynes to the corresponding hydrates. 
[5]
 
With a two-dimensional, sheet-like structure, graphene sheets present an open surface for 
the support of foreign agents and functional groups which can perform molecular catalysis.
[6]
 
The small diffusion barrier, readily accessible surface functional groups and chemical 
robustness are unique features of these materials that enable them to outperform the 
conventional high surface area porous materials. For instance, in a recent report by 
Raghunath et al.,
[7]
 reduced-graphene oxide (rGO)-supported Cu nanoparticles show 
enhanced performance for biomass conversion, compared to mesoporous-carbon and active-
carbon supported Cu catalysts. They have also highlighted the ability rGO to enhance the 




Nevertheless, the application of various graphene-based catalysts is primarily limited to 
single step type (as opposed to cascade type) organic transformation and the role of graphene 
is ether as support or catalyst.
[1]
 Therefore, it is attractive to develop a new catalytic system 
allowing graphene to act as a bi-functional catalytic material, where its role as supporting-
scaffold as well as catalyst could be integrated. In this regard, we report a GO-supported Pd 
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composite as a bifunctional catalyst for one-pot cascade oxygen (open air) and hydrogen (1 
atm) activation reactions to produce secondary amines by N-alkylation of primary amines. 
Using only mild reaction conditions, the catalytic activity of this bifunctional hydrid is 
superior to that of other reported bifunctional catalysts
[8]
 which require harsh conditions such 




5.2. Materials and Methods: 
 
Chemicals and reagents: Graphite powders (Grade 230U) were provided by Asbury 
Graphite Mills Inc. All the other chemicals were purchased from Sigma Alrdrich and used 
without further purification. All solvents were of reagent-grade and purified in accordance 
with standard procedures before use. 
5.2.1. Synthesis of Graphene Oxide (GO) (Modified Hummers’ method):[10] 
To 3 g of graphite flakes (Asbury Carbons Ltd.) and 3 g of NaNO3 in a 1 L         
round-bottom flask, 135 mL of conc. H2SO4 was added. This mixture was allowed to stir for 
10 min at 0-5°C.  Then 18 g of KMnO4 was added slowly to the mixture over a period of 1.5-
2 h. After that, the flask was shifted to water bath and reaction mixture was stirred at 35 °C 
for 1 h, during which 240 mL of DI water was added slowly.  Next, the temperature was 
allowed to increase 90 °C and stirred for 1h. The reaction was ended by the addition of 240 
mL of DI water and 15 mL of 30% H2O2 which results in a change of color from yellow to 
brown. The warm solution was then filtered and washed with water. The filter cake was 
sonicated in water to exfoliate the oxidized graphene, the product was centrifuged at 14000 
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5.2.2. Synthesis of base-acid treated graphene oxide (baGO):
[2]
  
The as-synthesized GO was dispersed in 750 mL DI water at a concentration of    0.6 
mg/mL. 3 g of NaOH platelets were added to GO solution (0.1 mol L
-1
). The mixture was 
refluxed at 120 °C while stirring for 1 h. Subsequently, the base-treated GO separated by 
centrifugation at 13000 rpm and washed with DI water for several times to remove excess 
base. The resultant solid was re-dispersed in 750 mL of water by sonication for 30 min. Then 
7.5 mL HCl (37%) was added into solution slowly. The mixture was refluxed for another 1 h 
at 120°C. The final baGO obtained was filtered and washed with DI water for 4 times and 
acetone finally. The as-synthesized baGO was dried in vacuum for overnight.  The porous 
nature of these baGO sheets were characterized using atomic force microscopy (AFM) and 
scanning tunneling microscopy (STM) studies which will be discussed in later sections. 
 
5.2.3. Synthesis of baGO/Pd hybrid 
 300 mg baGO was first placed in  a 150 mL round-bottom flask together with 45 mL 
mixture of ethylene glycol (EG) : dimethylformamide (DMF) (2:1) and sonicated for  6 h. In 
a separate 50 mL round-bottom flask, 30 mg of Pd(OAc)2  was introduced together with 15 
mL of EG:DMF (2:1) and  sonicated for 1 h. 60 mg of sodium ascorbate ( NaAc ) was added 
into another 50 mL round-bottom flask with 15 mL of EG:DMF (2:1) and then dispersed 
using ultrasonication for 1 h. The 30 mg Pd(OAc)2 mixture was added into the round-bottom 
flask containing 300 mg baGO mixture with a stirring rate of 500 rpm. The NaAc mixture 
was added dropwise into the reaction mixture and then stirred overnight. The obtained 
baGO/Pd hybrid was centrifuged and washed with ethanol for 2 times. The final product 
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5.2.4. One-pot cascade oxygen and hydrogen activation reactions- Sample preparation 
for GC/MS analysis: 
 
10 mg of baGO/Pd catalyst was added to a 50 mL round-bottom flask with 50 mg        
(0.5 mmol) of benzylamine. The mixture was sonicated for 15 min. Under constant magnetic 
stirring, the reaction mixture was refluxed at 90 °C for 6 h. Next, a small amount of reaction 
mixture was taken out using a syringe for GC/MS analysis. To continue the second step 
reaction, a H2 balloon was introduced to the reaction mixture. Heating at 90 °C under 
constant stirring was continued for another 6 h. After 6 h, a small amount of reaction mixture 
was taken out with a syringe for GC/MS analysis. Finally, the reaction mixture was filtered 




5.3. Results and discussion: 
 
In a typical experiment, graphene oxide (GO) synthesized using modified Hummer’s 
method 
[10]
 was further treated with base (NaOH) and acid (HCl) to prepare base-acid treated 
GO (baGO). Using palladium acetate as a source and sodium ascorbate as a reducing agent, 
palladium nanoparticles were deposited on baGO by an in situ reduction method at room 
temperature.
[11] 
 The resultant baGO/Pd hybrid was characterized using ICP-MS, TEM, XPS, 
powder XRD and TGA techniques. Before we further discuss the characterization and 
catalytic performance of baGO/Pd hybrid, it is important to discuss the nature of base-acid 
treated graphene oxide (baGO) and the difference between baGO and GO. Hence, we divide 
our discussion into two parts. In the first part, we will mainly focus on the chemical changes 
that occurred during sequential base-acid treatment of GO.  In the second part, we will 
discuss the catalytic performance of baGO and baGO/Pd hybrid for one-pot cascade O2 and 
H2 activation reactions. The detailed characterization of baGO and the origin of its catalytic 
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behavior for oxidative coupling of benzylamines to N-benzylidene benzylamine has recently 
been reported by our group.
[2]
  The idea can be extended to a wide range of synthetic 
transformations, since N-benzylidene benzylamines are useful synthetic intermediates.
[9]
 For 
example, the -C=N double-bond can undergo hydrogenations,
[12]





 Here we  demonstrate that baGO/Pd can be used as an efficient 
bifunctional catalyst for one-pot cascade oxygen and hydrogen activation reactions to 
produce secondary amines by N-alkylation of primary amines.  
 
5.3.1. Importance of base-acid treatment of GO: 
 
GO synthesized using Hummer’s method[10] is typically functionalized by covalently 
bound epoxide (1,2-ether) and hydroxyl functional groups on either side of its basal plane, 
while carboxyl groups are located at the edge sites.
[1, 15]
 Apart from these functional groups, 
GO sheets are also coated by highly oxidized organic debris and metal impurities.
[16]
 This is 
due to the harsh oxidation and sonication conditions used in the process. The highly oxidized 
organic debris act as surfactants to disperse GO sheets in aqueous media. It is proven that 
these debris are not helpful for the catalytic performance of GO as they block the active pores 
and other reactive functional groups.
[2]
  Hence, base treatment is needed to remove these 
organic debris and metal impurities. 
As shown in Fig. 5.1, GO is first treated with NaOH at 120°C for 1 h. During the 
process, the oxidized organic debris and metal impurities are washed away from GO surface 
via centrifugation. The base-treated GO (b-GO), is neutralized by adding HCl in equivalent 
concentration of NaOH. Hence, the deprotonated oxygen-containing functional groups of GO 
are regenerated. The final base-acid treated GO is obtained as a black powder and cannot be 
resuspended in water by either vigorous stirring or sonication.(Fig. 5.1)   
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 The base reduction and acid reprotonation steps were carried out under 
reflux conditions to prepare base-acid treated graphene oxide (baGO). Finally organic debris 




Table 5.1: Inductively coupled mass spectrometry (ICP-MS) analysis
[2]
 
Element Graphite GO baGO 
Mn 45.085 ppm
b
 304.6516 ppm < 1.0 ppm 
Fe 1050.1785 ppm 204.2784 ppm 96.3118 ppm 
Zn 94.8833 ppm 35.71 ppm 2.5735 ppm 
Au 3.7233 ppm 1.8551 ppm N. D. 
Ru N. D. N. D. N. D. 
a
20 mg sample was dissolved by 2 ml of mixture acid (HCl : HNO3 = 3 : 1) and diluted to 10 
ml by 5% DI water. 
bMetal/Sample = 1μg/g.  
 
As shown previously by Su et. al.
[2]
 (results reproduced in Table 5.1), the inductively 
coupled mass spectrometry (ICP-MS) results proves that there is significant reduction in the 
metal contamination of GO after base-acid treatment. The metal contamination occurred 
Chapter 5: Graphene- Metal nanoparticle Hybrid 
 
94 | P a g e  
 
during the oxidative synthesis of GO from graphite using KMnO4 and H2SO4.
[10]
    
 
Figure 5.1 (b) STM measurement of GO materials before and after chemical treatment         
(i) Image for GO (scale 100 x 100 nm). (ii) Image for baGO (scale 100 x 100 nm).(Ref: 
C.L.Su., K.P. Loh et.al. Nat. Comm. 2012) 
 
Detailed characterization of the baGO has been reported by Su et. al. previously.
[2]
 To 
summarize, after the base and acid treatment, the amounts of epoxy and hydroxyl groups 
have been reduced significantly but the carboxylic groups are unaffected, and it is these 
groups that are believed to be responsible for the catalytic effects.
[2]
 In addition, the 
sequential base and acid treatments enlarged the pores on the basal plane of baGO and 
rendered the material porous as shown above (Fig 51.(b)). In the case of GO most of the 
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5.3.2. Catalytic Performance of baGO and baGO/Pd hybrid: 
 
5.3.2.1. Catalytic performance of baGO: 
 
Selective oxidation of amines is an important area in organic chemistry as the oxidation 
products are versatile building blocks for organic synthesis.
[9]
 In this regard, N-benzylidine 
benzylamine (Fig 5.2) is often used in the synthesis of heterocycle molecules, in particular, 





Figure 5.2. Overall reaction scheme for the aerobic oxidative coupling of benzylamine using 
baGO as a catalyst.  
 
In a recent study of our group,
[2]
 high yields of coupling products were obtained when 
baGO was used as the catalyst despite low catalyst loading ( 5 wt%). To show the difference 
between baGO and other carbocatalysts, control experiments were also carried out using GO, 
oxidized nanodiamond and carbon black. It was found that among all the carbon-based 
catalysts, baGO exhibits the highest catalytic activity. The main reason of its high activity is 
due to the presence of carboxylic acid groups and unpaired electrons at the edge defects.
[2]
 
The oxidative debris and metal contaminants do not play any significant role. Besides, its 
effectiveness, baGO also shows good recyclability and can be reused by a simple filtration 
and rinsing in acetonitrile. Up to the sixth-cycle tested, little difference in both relative 
activity and selectivity was found.
[2]
 Therefore, the overall performance of baGO is 
comparable or even superior to the metal catalysts in catalyzing the aerobic oxidative 
coupling of primary amines.
[2]
 As a continuation of this work, the idea can be extended to N-
benzylidene benzylamines since these are useful synthetic intermediates that can undergo a 
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Figure 5.3. Overall reaction scheme for oxidative condensation and hydrogenation of 
benzylamines to form dibenzylamines.  
 
Self oxidative condensation followed by hydrogenation of benzylamine to form 
symmetric dibenzylamines is a significant organic transformation as secondary amines are 




At the initial study, we experimented with baGO as the catalyst to see if the final product 
of dibenzylamine (Fig. 5.3, compound 2) via this two-step oxygen and hydrogen activation 
reactions can be achieved.  Although, 98% of intermediate compound 1 could be obtained, 
only a trace amount of 2 was observed at 1 atm H2 atmosphere. These findings suggest that 
additional functionalities should be introduced onto baGO to allow it to perform tandem 
catalysis, i.e. catalyze the oxidation step first followed by hydrogenation. Adding metal 
nanoparticles (MNPs) on baGO creates two different catalytic sites and improves the catalytic 
behavior of baGO in the aforementioned reaction (Fig. 5.3). In the baGO/MNPs hybrid, 
baGO not only acts as catalyst but also as support to MNPs. We chose two types of MNPs, 
namely gold (Au) and palladium (Pd) as there are plenty of reports on the use of gold in 
catalyzing the self oxidative condensation of benzylamines
[9]
 and the use of palladium in 
promoting benzylamine oxidation.
[17]
  After the injection of the metal precursor together with 
sodium ascorbate into the solution of baGO, MNP was loaded onto the surface of baGO as 
shown in scheme 5.1.  
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Scheme 5.1. Schematic illustration of baGO-metal hybrid formation. 
 
The effectiveness of the hybrid catalysts were then investigated along with baGO for 
comparison. The results, which are tabulated in Table 5.2, show that the catalytic 
performance of baGO-gold hybrid (baGO/Au) does not show significant changes with respect 
to baGO, while the activity of baGO-palladium (baGO/Pd) is excellent, up to ~93% yield of 
the desired product can be obtained.  
Table 5.2. One-pot cascade reaction to form dibenzylamine from bezylamine which involves 
sequential O2 and H2 activation. The yields obtained using different catalysts are displayed 
below:* 
Entry Catalyst Time (h) Conversion (%) Isolated yield  
1 baGO 6, 6 100 (or 99%) trace 
2 baGO-Au hybrid (9.5wt% of Au) 6, 6 100 (or 99%) not observed 
3 baGO-Pd hybrid (4.3wt% of Pd) 6, 6 100 (or 99%) 93%(± 2%) 
* Reaction conditions: 0.5 mmol of amine, 10 mg catalyst, and 1 atm H2, 0.2 mL acetonitrile. 
 
Further characterizations were carried out to confirm the presence of palladium 
nanoparticles attached on the surface of baGO, The as-synthesized baGO/Pd hybrid was 
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5.3.2.3. Characterizations of baGO/Pd hybrid: 
 
Figure 5.4. TEM images of baGO and baGO/Pd hybrid. (a) baGO (scale bar 20nm). (b) 
baGO-Pd hybrid (scale bar 20nm). (c) HR-TEM Image of baGO-Pd hybrid (scale bar 5nm) 
and (d) ) EDX composition analysis for baGO-Pd hybrid.  
 
The morphology, composition and crystal structure of the Pd nanoparticles on baGO 
were investigated using TEM. By comparing the TEM images in Fig. 5.4 (a) and (b) we can 
see the presence of Pd nanoparticles as indicated by small grey dots. The elemental 
composition of the material was investigated using Energy Dispersive X-ray (EDX) analysis. 
From Fig. 5.4(d), we can observe a large Pd characteristic peak at ~3eV.
[18]
 The observed Cu 
peaks at     ~8 eV originated from the TEM Cu grid. 
[19]
  The crystallinity and spacing 
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between the lattice planes of Pd nanoparticles are shown as in Fig. 5.4(c). The (111) lattice 
planes with the spacing d(111)= 0.224 nm are in accordance with the reported value for 
nanocrystalline palladium.
[20]
 The average size of the Pd nanoparticles is ~ 8 nm.  
 
Figure 5.5. (a) Pd 3d XPS spectrum of baGO/Pd hybrid and (b) comparative powder XRD 
spectra of baGO and baGO/Pd  hybrid. 
 
XPS studies were carried out to understand the oxidation states of palladium in baGO/Pd 
hybrid.  The Pd 3d XPS spectra in Fig. 5.5(a), consists of the spin-orbit coupled peaks 
assigned to Pd 3d5/2 and Pd 3d3/2 core levels.
[21]
  One doublet at 335 eV and 341.2 eV can be 
assigned to  Pd
(0)





 These values are in good agreement with previously reported carbon-based 
palladium composites prepared from Pd(OAc)2.
[21]
 Furthermore, powder XRD analysis in 
Fig. 5.5(b) shows  a peak at diffraction angle of 39.1° which corresponds to the (111) plane of 
palladium along with a broad peak  centered at ~23.2° which can be indexed to the (002) 
plane of rGO sheets .
[22]
 
To understand the thermal behavior and stability of the composite we have carried out 
thermal gravimetric analysis (TGA). Fig. 5.6 shows the comparative TGA spectra of GO, 
baGO and baGO/Pd hybrid. GO shows major weight loss between 120 °C and 300 °C which 
corresponds to the removal of oxygen containing functional groups.
[2]
  
Chapter 5: Graphene- Metal nanoparticle Hybrid 
 
100 | P a g e  
 
 
Figure 5.6.  Comparative thermal gravimetric analysis (TGA) of GO, baGO and 
baGO/Pd hybrid. 
 
In the same region, compared to GO, the weight loss for baGO is much lower, which 
indicates that the oxygen functional groups have already been largely removed after base acid 
treatment. The thermal stability of baGO/Pd further enhances upon Pd nanoparticle 
deposition, as metal nanoparticles generally decompose at elevated temperatures.
[6]
 
 From the above analysis, we confirm the successful loading of Pd nanoparticles onto 
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5.3.2.4. GC/MS Spectral analysis: 
 
 
Figure 5.7. Overall scheme for one-pot cascade O2 and H2 activation reactions to form 
dibenzylamine from benzylamine.  
 
 
Scheme 5.2:  Schematic illustration of one-pot cascade O2 and H2 activation reactions to 
form dibenzylamine from benylamine. GC analysis spectra of (a) Benzylamine, (b) N-
benzylidene benzylamine and (c) dibenzylamine  
 
The initial oxidative coupling of benzyl amine to form N-benzylidene benzylamine is 
catalyzed by baGO. It is believed that active pores with their edges terminated by caboxylic 
acids and unpaired electrons are the main catalytic sites.
[2]
 As shown in Scheme 5.2 (a), the 
GC/MS peak of benzylamine (retention time  ~ 5.3 s) completely disappears after 6 h of 
reaction at 90°C under aerobic conditions. A new peak at ~14.8 s is detected which is 
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assignable to N-benzylidene benzylamine. The molecular weight of the compound is further 
confirmed by mass spectrometer (MS) (see Appendix, pg. 140). In the second step, the 
reaction yields 91% of final product i.e., dibenzylamine (~14.6, Appendix, pg. 141) under 





 ( Scheme 5.2) . The high activity of Pd
(0)




To further prove the potential of baGO/Pd as an efficient catalyst, we have carried out 
several control experiments with different catalysts. 
  





1) Open Air/ O2
2) Hydrogen (1atm)
 
Table 5.3 One-pot cascade O2 and H2 activation reactions to form dibenzylamine from 
benzylamine using different catalysts.  
Entry  Catalyst*  Time (h)  T （oC）  Isolated yield  
1  baGO  6 h, 6 h  90  trace 
2  baGO/Au  6 h, 6 h  90  not observed  
3  baGO/Pd  6 h, 6 h  90  91%  
4  GO/Pd  6 h, 6 h  90  59%  
5  Carbon black /Pd  6 h, 6 h  90  6% 
6 baGO/Pt 6 h, 6 h  90  not observed  
7 baGO/Cu 6 h, 6 h  90  not observed 
     
* Reaction conditions: 0.5 mmol of amine, 10 mg catalyst (20wt%), and 1 atm H2, 0.2 mL 
acetonitrile. 
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From Table 5.3, it can be seen that the isolated product yield can only reach 59% with 
GO/Pd catalyst, while baGO/Pd can yield up to 91%. This again proves the advantage of 
using baGO compared to GO. Next, baGO hybridized with other precious and non-precious 
metal catalysts, which include baGO/Au, baGO/Pt, baGO/Cu and carbon black/Pd, have also 
been tested to see the performance of different metals on baGO support. The poor 
performance of these catalysts (Table 5.3) proves that under our experimental conditions (1 
atm of Air/O2  and 1 atm of H2), only baGO/Pd hybrid is capable of managing the one-pot 
cascade oxygen (open air) and hydrogen (1 atm) activation reactions to produce high yields 
of desired product. The turnover number (TON) for baGO/Pd was calculated using the 
following formula and found to be 69 after 12 h of reaction.  
 
TON = 
                                
              
 ………………..… (Formula I) 
 
Compared to other literature reports,
[9, 23]
 baGO/Pd (4.3 wt% catalyst) shows superior 
performance under mild experimental conditions with a reasonable TON of 69 (after 12h). 
For example, a bifunctional gold catalyst (Au/TiO2) (115 wt% catalyst) for oxidative 
condensation of benzylamine, reported by Garcia et al.
[9]
 works under harsh experimental 
conditions such as high pressure of oxygen (> 5 atm) and hydrogen (~7 atm) and achieves a 
TON of 49 (after 30h).
[9]
 Hence, high isolated yields, mild experimental conditions and 
reasonable TON prove the capability of baGO/Pd hydrid as an efficient bifunctional 
carbocatalyst for cascade oxidative condensation and reduction of benzylamine. Further 
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Table 5.4 Scope of reaction with baGO/Pd hybrid catalyst for different substrates 








6 h, 8 h  100%  82% 
3  
H3C  
6 h, 8 h  100%  91%  
4  
CH3  








7 h, 10 h  100%  77%  
* Reaction conditions: 0.5 mmol of amine, 10 mg catalyst (20wt%), and 1 atm H2, 0.2 mL 
acetonitrile. 
 
The scope of the one-pot cascade O2 and H2 activation reactions to form symmetric 
dibenzylamines was further investigated for other substrates. In this regard, ortho, para and 
meta-substituted methyl-benzylamine were used as substrates. As shown, in Table 5.4, for all 
the three substrates (entry 2, 3 and 4) baGO/Pd can yield above 80% of desired product with 
100% conversion. In addition, electron-donating (-OCH3) and electron-withdrawing 
substituted (-CF3) benzylamines were also tested. For -OCH3-substituted benzylamines the 
catalyst can yield up to 92% with 100% conversion (entry 5) while modest yields (77%) are 
observed for -CF3-substituted benzylamines with 100% conversion (entry 6). The modest 
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yields for entry 6 may be attributed to the interference of electron-withdrawing (-CF3) 
groups.
[2]
 Further studies are needed to understand the influence of electron-withdrawing 





We have successfully synthesized a graphene oxide-supported Pd (baGO/Pd hybrid) 
catalyst for one-pot cascade oxygen (open air) and hydrogen (1 atm) activation reactions to 
produce secondary amines from primary amines. Under optimized conditions, baGO/Pd 
outperforms GO/Pd, carbon black/Pd, baGO/Au, baGO/Pt and baGO/Cu. The extraordinary 
catalytic activity of baGO/Pd is mainly attributed to the synergistic effect of the active pores 
of baGO and Pd nanoparticles. Compared to Au/TiO2,
[9]
  baGO/Pd works under mild 
conditions with reasonable TON  of 69 (after 12 h) . Furthermore, we have extended the 
scope of the one-pot cascade O2 and H2 activation reactions to other derivatives of 
benzylamines and demonstrated that high yields could be obtained. Thus, this work inspires 
the development of graphene-based bifunctional catalysts for other classes of cascade 
reactions.
[8]
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Chapter 6 
Graphene-based Poly-(Imidazolium ionic Liquid) Complex for  
Metal-Free Oxygen Reduction Reaction 
        
Abstract 
Chemical reduction of graphene oxide into reduced graphene oxide (rGO) often 
results in the loss of its dispersion properties and undesirable aggregation in organic solvents. 
Poly(ionic liquid)s (PILs) are an important class of functional molecules with the dual 
properties of ionic liquids and polymers.  Herein, we synthesised a positively charged 
imidazolium poly(ionic liquid) (PImIL) and bond it to negatively charged rGO sheets via 
non-covalent (ionic and π-π) interactions. The cooperative ionic and π-π interactions improve 
the solubility of rGO-PImIL complex in ethanol by 10 folds compared to rGO. Furthermore, 
PImIL acts as an electron acceptor in the rGO-PImIL composite, and thus enhances the 
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electrocatalytic activity for oxygen reduction reaction (ORR). The superior performance of 
rGO-PImIL compared to bare rGO and PImIL is attributed to the intermolecular charge-
transfer between rGO and PImIL. Electron-transfer kinetic studies were carried out using 
rotating disk electrodes (RDE) and the results show that ORR  at rGO-PImIL occurs via 
facile 4e¯transfer process whereas 2e¯path way is  observed for bare rGO.  
 
6.1. Introduction:   
The synthesis of reduced graphene oxide (rGO) from graphene oxide via chemical 
reduction often suffers from irreversible agglomeration and precipitation of the products. A 
good dispersion of rGO-based composites in organic solvents is crucial for its processing into 
thin films or composites which can be applied in organic solar cells and fuel cell etc.
[1]
 On the 
other hand, ionic liquids represent an important class of functional materials with unique 
properties like non-flammability, wide electrochemical window, high ionic conductivity, 
good chemical and thermal stability.
[2]
 Recently, poly(ionic liquids) (PILs) which have the 
combined properties of ionic liquids and polymers have attracted great interest due to their 
potential applications as solid-state polyelectrolytes,
[3]
 CO2 absorbing resins
[4]
 and microwave 
absorbing materials.
[5]
 In particular, imidazlium-based PILs are efficient electron acceptors 
and have been shown to enhance the electrical conductivity of graphene composites.
[6]
  
 The electrochemical performance of fuel cells and metal-air batteries
[7]
 depends 
critically on the oxygen reduction reaction (ORR) activity of electrocatalysts, which is the 
fundamental cathode reaction occurring in fuel cells.
[8] 
Carbon-based electrocatalysts such as 
nitrogen-containing carbon nanotubes (VANCNTs)
[9]
 and N-doped graphene
[10]
  shows high 
durability, high electrocatalytic activity and small cross-over effect.  Baek et al.
[8]
 reported 
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that polyelectrolyte chains containing positively charged nitrogen moieties enhance 
intermolecular charge-transfer which results in good ORR performance. 
Herein, we report the synthesis of a positively charged imdazolium poly(ionic liquid) 
(PImIL) which is bonded to  rGO via in-situ reduction of GO/PImIL mixture using NaBH4 as 
a reducing agent. The strong ionic and π-π interactions between rGO and PImIL improved the 
solubility of rGO-PImIL (5 mg/mL) compared to rGO (< 0.2 mg/mL). The electron 
withdrawing ability of the imidazolium groups in rGO-PImIL enhances the rate of ORR, as is 
verified in kinetics studies using rotating disk (RRD) electrodes.  
6.2.  Experimental Section: 
6.2.1. Chemicals and Materials: 1-vinylimidazole (99%), was purchased from Alfa asear 
whereas azo-bis(isobutyronitrile) (AIBN) (Powder) was obtained from PI Chemicals Ltd. 
Graphite powders (Grade 230U) were provided by Asbury Graphite Mills Inc. All the other 
chemicals were purchased from Sigma Aldrich and used without further purification: 3- 
bromoprop-1-ene (99%), Sodium borohydride (~98%). All solvents were of reagent-grade 
and purified in accordance with standard procedures before use. 
6.2.2. Characterizations and electrochemical measurements: 
All FT-IR measurements were recorded at room temperature on the Varian 3100 FT-
IR spectrometer. The samples were ground with KBr and then pressed into disks. The NMR 
data was obtained using the Bruker Avance 300 Spectrometer at 300 MHz. X-ray 
photoelectron spectroscopy (XPS) was performed with the Phobios 100 electron analyzer 
equipped with 5 channeltrons, using an unmonochromated Al Kα X-ray source (1486.6 eV). 
Voltammetric experiments were performed using Autolab PGSTAT30 digital 
potentiostat/galvanostat.
[11]
 All the measurements were carried out in a 
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polytetrafluoroethylene (PTFE) house (V = 5 mL) at room temperature using a three-
electrode system with glassy carbon (GC) electrode as working electrode, Pt-wire as counter 
electrode, and  1 M KCl-Ag/AgCl as reference electrode. Cyclic voltammograms (CVs) were 
typically obtained at a scan rate of 50 mV/s. All potentials were measured and reported using 
Ag/AgCl reference electrode. The CV experiments were conducted in N2 and O2-saturated 
0.1 M KOH solution for oxygen reduction reaction. RDE experiments were carried out on a 
RRDE-3A (ALS Co., Ltd) and the CH instruments electrochemical workstation (CH 
instrument, Inc.  Austin) bipotentiostat. RDE measurements were performed in the oxygen-
saturated 0.1 M KOH solution at rotation rates varying from 400 to 3500 rpm and with the 
scan rate of 10 mV/s.  Linear sweep voltammetry (LSV) was performed at the RDE-glassy 
carbon disk electrode with a 4-mm diameter, Pt electrode, and Ag/AgCl reference electrode. 
Prior to use, the working electrode was polished mechanically with diamond down to alumina 
slurry to obtain a mirror-like surface and then washed with DI water and acetone and allowed 
to dry. 1 mg of each grinded sample was dispersed in 0.5 ml of ethanol by sonication. 10.0 
μL suspension of each catalyst was pipetted onto the glassy carbon electrode surface.  The 
electrode was allowed to dry at room temperature for 30 min in a dessicator before 
measurement. After drying, a catalyst loading of 159.2  µg.cm 
-2
  (the glass carbon electrode 
with a diameter of 4 mm) was obtained.  
6.2.3. Synthesis of Graphene Oxide (GO) (Modified Hummers’ method)[12] 
To 3 g of graphite flakes  and 3 g of NaNO3 in a 1 L  round-bottom flask, 135 mL of 
conc. H2SO4 was added. This mixture was allowed to stir for 10 min at 0-5°C.  Then 18 g of 
KMnO4 was added slowly to the mixture over a period of 1.5-2 h. After that, the flask was 
shifted to water bath and reaction mixture was stirred at 35 °C for 1 h, during which 240 mL 
of DI water was added slowly.  Next, the temperature was allowed to increase 90 °C and 
stirred for 1h. The reaction was ended by the addition of 240 mL of DI water and 15 mL of 
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30% H2O2 which results in a change of color from yellow to brown. The warm solution was 
then filtered and washed with water. The filter cake was sonicated in water to exfoliate the 
oxidized graphene, the product was centrifuged at 14000 rpm for 20min and washed several 
times with DI water till the pH of decontant reached to 4-5.  
6.2.4. Synthesis of Imidazolium Ion liquid (ImIL) monomer: 
 
Under an inert atmosphere (N2), 1-vinylimidazole (13.3 mmol, 1.20 mL) was added to 
a stirring solution of 3-bromoprop-1-ene (13.3 mmol, 1.6 g) in acetonitrile (20 mL). Next, the 
mixture was heated to 80 °C for 24 h. The resulting solution was poured into 200 mL of 
diethylether and allowed it to cool down overnight. This precipitate was separated by 
decantation and washed with diethylether for several times. The final product was dried under 
vacuum to give (~ 2.2 g; 95% yield) Imidazolium ionic liquid (ImIL).   
1
H NMR (CD3CN) δ 
ppm: 8.07 (s, 1H), 7.72 (d, 1H), 7.51(d, 1H), 6.36-6.44 (m, 1H), 6.21-6.05 (m, 2H), 5.47-
5.36(m, 2H), 4.96-4.50 (m, 1H), 2.72 (d, 2H). 
6.2.5. Synthesis of Poly(Imidazolium Ion liquid) or PImIL: 
 
5 g of ImIL monomer was dissolved in 40 mL of dry acetonitrile and stirred at 80 °C 
for 1 h. Later, 80 mg of azo-bis(isobutyronitrile) (AIBN) initiator (in 4 mL acetonitrile) was 
added to the solution while maintaining an inert atmosphere.  The mixture was left stirring at 
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80 °C for 2 days; resultant reddish precipitate  was separated by decantation and washed with 
acetonitrile for several times. The final product was dried under vacuum to give 
Poly(Imidazolium ionic liquid) PImIL (~4.5 g; ~ 90% yield) 
6.2.6. Synthesis of reduced-graphene oxide (rGO):
[13]
 
In the reduction step, 400 mg GO in a 320 mL water was sonicated for1 h in order to 
disperse the GO sheets completely in water. Following, 50 mL (0.047 mol) of 5% sodium 
carbonate solution was added to adjust the pH to 10 and the solution was then stirred in a 
round-bottom flask at temperature 90 ( 5 °C for 9 h. This is followed by the addition of 3.2 g 
sodium borohydride (0.085 mol) in 80 mL water to the GO dispersion, with pH adjusted to 
10. The mixture was then kept at 80 °C in an oil bath for 3 h under constant stirring. During 
the reduction, the dispersion turned from dark brown to black accompanied by outgassing. 
The resulting product was finally filtered on membrane filter (polyamid) 0.2 µm and washed 
with water. 
6.2.7. Synthesis of rGO-PImIL Complex: 
 
Scheme 6.1: Schematic illustration showing the in situ reduction of GO in PImIL to form the 
rGO-PImIL complex (Image: Dispersion of (a) rGO, (b) PImIL and (c) rGO-PImIL in 
ethanol.) 
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GO (120 mg) suspension in 50 mL water was added to 100 mL aqueous solution of 
PImIL (1.3 g) and sonicated for 3 h. Later, the mixture was stirred at 90°C for 12 h.  350 mg 
of NaBH4 was added to the solution and stirring was continued at 90°C for 3 h. The resultant       
rGO-PImIL complex was cooled to room temperature and washed with DI water to remove 
excess PImIL. The final product was dried overnight under vacuum (rGO-PImIL) and re-
dispersed in ethanol via sonication for 30 min.  As shown in Scheme 6.1, the solubility of 
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6.3. Results and Discussion: 
In a typical experiment, as-synthesized ionic liquid monomer (Imidazolium bromide 
or ImIL) was polymerized via atomic transfer radical polymerization (ATRP) to form 
poly(imidazolium ionic liquid) (PImIL). Next, PImIL was complexed with rGO during the 
reduction of GO to rGO using NaBH4, carried out in the presence of PImIL (Scheme 6.1). 
Following the reduction, a clear change in the colour of the solution from dark brown to 
black was observed. (Scheme 6.1).  Importantly, functionalization with PImIL rendered the 
rGO surface positively charged, which improves its dispersion via electrostatic repulsion.  
The rGO-PImIL composite is further characterized by UV-Vis absorption, Fourier transform 
infrared (FTIR) and X-ray photoelectron spectroscopic (XPS) studies.  
6.3.1. Characterizations of PImIL and rGO- PImIL: 
6.3.1.1. UV-Vis absorption spectroscopic studies: 
 
Figure 6.1. (a) UV-Vis absorption spectra of GO, rGO, PImIL and PImIL suspensions in 
ethanol. 
UV-Vis absorption studies of the samples are as shown in Fig. 6.1.  Upon reduction, 
the absorption peak of GO suspension is red-shifted from 230 nm to 270 nm with an increase 
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in the background absorption. This indicates the restoration of π-conjugated network within 
the graphene sheets has occurred upon chemical reduction.
[14]
  In the case of PImIL, the sharp 
peak at 220 nm for PImIL originates from π-π* transition.[14] For rGO-PImIL, there exist two 
peaks at 221 nm and 275 nm. The peak at 221 nm serves as a signature of absorbed PImIL on 
rGO. A blue shift of the rGO peak at 280 nm to 275 nm is observed.  This may be attributed 
to the electron transfer from PImIL to rGO.
[15]
  
6.3.1.2. Fourier Transform Infrared Spectroscopic (FTIR) studies: 
 
Figure 6.2.  Fourier transform infrared spectra (FTIR) spectra of rGO, PImIL and rGO-
PImIL. 
Fourier transform infrared spectra (FITR) of all the samples are presented below. For 
PImIL, the peak at 1303 cm
-1
 is attributed to C-N-C absorption of the imidazole ring.
[16]
 The 
peak at 1551 cm
−1
 corresponds to C–N stretching vibrations whereas the peak at 1422 cm-1 
represents N-C stretching vibration.
[16]
  Broader and characteristic peaks at 3413 cm
-1
  for 
rGO are mainly due the stretching of residual –OH groups.[17] The –OH peak can also be seen 




In the case of rGO, two broad peaks at 1633 cm
-1
 and 
Chapter 6: Graphene- Poly (Ionic liquid) Complex 
 




 are attributed to residual –C-O functional groups.[8] The complexation of rGO with 





.  The peaks at 1552 and 1162 cm
-1




6.3.1.3.  X-ray photoelectron spectroscopic (XPS) studies: 
           
Figure 6.3. X-ray photoelectron spectra (XPS) of graphene oxide (GO), reduced graphene 
(rGO), PImIL and rGO- PImIL (Inset showing the absence of Br¯ peaks in rGO-PImIL) 
 The XPS Spectra in Fig. 6.3 provide an evidence for the chemical changes that occur 
during the reduction of GO and functionalization of rGO with PImIL. As expected, a 
significant decrease in O/C ratio is observed upon reduction of GO.
[8]
 Functionalization of 
graphene with PImIL is confirmed by the presence of N 1s peak at 402.6 eV.
[8]
 High 
resolution C 1s XPS spectra (Fig. 6.4) show that there is a significant suppression of oxygen-
containing functional groups for rGO and rGO-PImIL. Two bromine peaks (Br 3d and Br 
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were observed at 70 eV  and 170 eV 
[18]
 for PImIL, but in the case of rGO-PImIL these 
peaks disappeared, which is consistent with the ion-exchange of Br
¯
 for negatively charged 
GO sheets.
[19]
   The Br
¯ 
ions are subsequently removed during the washing process of rGO-
PImIL (see Scheme 6.1).  
 
Figure 6.4. High resolution C1s XPS spectra of (a) GO, (b) rGO, (c) PImIL and                       
(d) rGO- PImIL 
The high resolution C 1s XPS spectra for GO, rGO, PImIL and rGO-PImIL are shown 
in Fig. 6.4. The C 1s peak can be deconvoluted into four chemically shifted peaks due to 
different oxygen-containing functional groups, these are: (i) non-oxygenated carbon peak
[17]
 
at 284.7 eV  (ii)  C-O peak
[17]
 at 285.6 eV  (iii) epoxy carbon
[17]
 at 286.7 eV and (iv) carbonyl 
carbon (C=O)
[17]
 at 288.2 eV.  From Fig. 6.3 and Fig. 6.4(a, b) it is clear that upon chemical 
reduction, the intensity of C=O and C-O peaks are significantly reduced. When PImIL is 
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coupled to rGO, an additional peak due to –C-N appears at 286.3 eV[8]   (See Fig. 6.4(d)). 
This indicates the successful functionalization of PImIL on rGO.  
 
6.3.2. Electrochemical Oxygen Reduction Reaction (ORR): 
3.2.1. Cyclic Voltammogram(CV) studies- ORR Performance: 
 
 Figure 6.5. (a) CVs of oxygen reduction on the rGO, PImIL and rGO-PImIL electrodes 
obtained in O2-saturated 0.1 M KOH at scan rate of 50 mV/s. (b) Schematic illustration of 
oxygen reduction reaction at rGO-PImIL. 
 
The CVs for ORR in O2-saturated 0.1 M KOH solutions, using different electrodes 
material like bare rGO,  PImIL and rGO-PImIL with a standardized  mass of 0.01 mg, are 
shown in Fig. 6.5. In the case of bare rGO electrode, the onset potential for ORR  is at   -0.34 
V ( vs. Ag/AgCl) with a single cathodic reduction peak around -0.56 V( vs. Ag/AgCl), which 
is characteristic of a 2e¯ process of reduction of oxygen to peroxide (HO2
¯
 in 0.1 M KOH;  
eq. 1).
[20]




electron path way, will be presented in further 
sections.)  
           
     
     ---------------------- (eq. 1) 
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For the rGOPImIL complex, both the onset potential and ORR reduction peak 
potential shift positively to around -0.25 V and -0.39 V (vs. Ag/AgCl) respectively, along 
with a significant increase in current density. We have checked the ORR performance of 
PImIL, however the reduction peak was not observed within the working voltage range. 
Thus, these results demonstrate a clear enhancement in the ORR catalytic activity of rGO-
PImIL compared with that of pure rGO and pure PImIL. The performance of the rGO-PImIL 
is comparable with other graphene-based electrocatalyts for ORR such as pyrrole-derived N-
doped 3D graphene network ( -0.42 V vs. Ag/AgCl),
[21]
 trinitophenol-derived N-doped 
graphene films (-0.41 V vs. Ag/AgCl)
[22]
 and B2O3-derived  boron-doped graphene (-0.43 V 
vs. Ag/AgCl).
[23]
 The observed enhancement in ORR catalytic activity for rGO-PImIL 
compared to rGO and PImIL is attributed to the intermolecular charge-transfer between 
PImIL and rGO.
[8]
 Although the overall performance of rGO-PImIL (ORR at -0.39 V vs. 
Ag/AgCl)  is not as good as  Pt/C (ORR at -0.25 V vs. Ag/AgCl),
[8]
 its metal-free nature is a 
definite advantage. 
6.3.2.2. Rotating disk electrode (RDE)-Linear sweep voltammetric (LSV) studies: 
 
Figure 6.6:  Rotating disk (RDE) linear sweep voltammograms (LSV) of (a) rGO and (b) 
rGO-PImIL in O2-saturated 0.1 M KOH with various rotation rates at a scan rate of 10 mV/s. 
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To further investigate the kinetics of ORR, we carried out the linear sweep 
voltammetry (LSV) measurements on a rotating disc electrode (RDE) for each of the 
electrode material in O2-saturated 0.1 M KOH. Fig. 6.6 shows the LSV curves at various 
rotating rates for rGO and rGO-PImIL electrodes. The absorption of hydrophilic PImIL 
chains on rGO facilitate interactions with the electrolyte on the electrode surface and leads to 
the better diffusion regions shown in Fig. 6.6(b). The limiting current density increases with 
the rotation rate from 200 to 1400 rpm. At any given constant rotation rate, the current 
density of   PImIL-rGO is higher than that of rGO. The transferred electron number per O2
 
molecule involved in ORR  is determined from the slope of Koutechy-Levich plots.
[8]
  
6.3.2. Kinetics of Oxygen Reduction Reaction: Koutecky-Levich plots 
 
Figure 6.7. Koutecky-Levich plots of (a) rGO and (b) rGO-PImIL at different 
electropotentials. 
 
  The above Koutechy-Levich plots ( j
-1vs ω-1/2) at various electropotentials for both  
rGO and rGO-PImIL show good linearity  which fits with the first-order reaction kinetics 
with respect to the concentration of dissolved oxygen. The kinetic parameters can be analysed 










     
                                                 (eq. 2) 
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Where jk  is the kinetic current and ω is the electrode rotating speed. ‘B’ could be determined 
from the slope of K-L plots based on the Levich equation as follows
[24]
  
              
   ⁄      ⁄                                     (eq. 3) 
Where n is the number of electrons transferred per oxygen molecule, F is the Faraday 
constant (F= 96485 C mol
-1












). The constant 0.2 is adopted when the rotation speed to expressed in rpm. 
The electrochemical reduction of oxygen is a multi-electron reaction that has two 
main possible pathways: one involving the transfer of two electrons to produce H2O2 and the 






 pathway:                         
     
        --------- (eq. 4) 
ORR via 4e¯ pathway                            
          ------------- (eq. 5) 
To obtain maximum energy capacity, it is highly desirable to reduce O2 via the 4e¯ pathway. 
Precious metal like platinum (Pt) and its alloys are known to promote the 4e
¯
 ORR pathway 





Chapter 6: Graphene- Poly (Ionic liquid) Complex 
 
123 | P a g e  
 
 
Figure 6.8. The dependence of electron transfer number on the potential applied for (a) rGO 
and (b) rGO-PImIL  
From Fig. 6.8 it is clear that in the case of cathode using rGO the electron transfer 
number for ORR varies from 2 to 4 depend on the potential applied, whereas the electron 
transfer number varied slightly between 3.2 and 4.1 for rGO-PImIL. From this, we can infer  
that the electron transfer number of ORR at bare rGO electrode is close to the  two-electron 
process, which is typical of  the case for many other carbon-based materials.
[8]
 The consistent 
number of 3 to 4 electrons at various potentials for the rGO-PImIL electrode indicates an 
efficient four-electron process similar to Pt/C electrode.
[20]
 This 4e¯ direct path way for rGO-





In conclusion, we have demonstrated the synthesis and complexation of an 
imidazolium-based poly ionic liquid (PImIL) on rGO. The enhanced solubility and stability 
of rGO-PIMIL (5 mg/mL) compared to rGO( < 0.2 mg/mL) in organic solvent  is mainly 
attributed to the  strong ionic and π-π interactions between rGO and imidazolium groups. We 
have also demonstrated that the rGO-PImIL complex could act as an efficient metal-free 
catalyst for ORR. Notably, rGO-PImIL electrode shows remarkable ORR electrocatalytic 
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activity compared to that of bare graphene electrode. From  Koutecky-Levich plots in rotating 
disk electrode study, it is found that the ORR reaction at metal-free rGO-PIMIL electrode 
involves efficient four-electron path way similar to Pt/C.
[20]
 Therefore, this work suggests that 
the complexation of rGO with ionic liquid polymer may combine the advantages of good 
electrical conductivity and electrocatalytic properties, and these can find applications as 
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Chapter 7  
Conclusions and Future Outlook 
Graphene oxide (GO) produced from the chemical exfoliation of graphite offers a new 
platform to develop functional graphene composites.  The oxygenated functional groups 
(carboxylic, hydroxyl and epoxy) of GO mediate multiple interactions with different 
molecular or polymeric system via covalent and non-covalent interactions (ionic, H-bonding, 
and π-π interactions).[1] On the other hand, reduced graphene oxide (rGO) obtained from the 
chemical  or thermal reduction of GO is highly useful due to its more conducting nature 
compared to GO, and is usually deployed as a conductive additive in polymeric or 
nanoparticle composites for various energy-related applications.
[1]
 To bring forth the 
synergism in graphene composite materials,  it is highly desirable to include a  
complimentary component in the composite.
[2]
 In this thesis, we have designed and 
synthesized four different graphene-based composites with (i) fluorescent dye, (ii) poly-(ionic 
liquids), (iii) dye-metal complex and (iv) metal nanoparticles. In all system, it is found that 
the addition of GO or rGO to form hybrid materials enhances the performance, thus proving 
that GO/rGO can serve as performance-enhancing additives in a wide range of composites. 
Firstly, to understand the ion-exchange and charge-transfer abilities of GO, we have 
designed and synthesized a positively charged and water-soluble perylene derivative namely 
4-(1-pyrenylvinyl)- N-butylpyridinium bromide (PNPB) (Chapter 3). The PNPB can interact 





) by a simple ion-exchange process. From the dynamic studies, it is noted that an 
ultrafast charge-transfer occurs from photo-exited PNPB to GO with a decay time of 40 ps. 




complex can be used as an optical sensor for DNA, 
for which it is selective over a variety of commonly used surfactants and biomolecules. The 
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specific interactions between DNA and PNPB allowed it to detect traces of DNA (up to 1 




 charge-transfer complex 
exhibits unique nonlinear optical limiting properties at 523 nm and 1064 nm.  Subsequent to 
this study, several other graphene-based sensing platforms are reported recently, which 
include GO/squaraine dye complex for protein sensing
[3]
 and peptide-pyrene-GO biosensor 
for detection of a cancer cell surface marker.
[4]
  
The above described, photo-induced charge-transfer abilities of GO further inspired 
us to develop a graphene-based dye-metal complex for photoelectrochemical water-splitting 
to produce hydrogen fuel.(Chapter 4) To meet the requirement, a photoactive perylene 
derivative (PDI) has been coupled to cobalt chloride to form a co-ordination polymer (PDI-
Co) which is later immobilized on rGO via non-covalent interactions.  In this work, we used 
rGO as a scaffold and electron-transfer mediator to enhance the photo-driven hydrogen 
evolution at Co(II) center. We found that the rGO-PDI-Co shows better response compared to 
the commercial TiO2 catalyst supported on rGO tested under the same experimental 
conditions.  
  Although the rGO sheets are conductive enough to promote electron-transfer 
mechanisms, they often suffer from the irreversible agglomeration and precipitation in 
organic solvents, which restricts them to use for fuel cell and battery applications.
[5]
  To 
address this problem, we have chosen a positively charged imidazolium poly-ionic liquid 
(PImIL) and bond it with rGO sheets via non-covalent (ionic and π-π) interactions (Chapter 
5).  The cooperative ionic and π-π interactions have improved the solubility of rGO-PImIL (5 
mg/mL) complex compared to rGO (< 0.2 mg/mL). Furthermore, we have explored the use of 
rGO-PImIL as a metal-free catalyst for oxygen reduction reaction (ORR). The superior 
performance of rGO-PImIL compared to bare rGO and PImIL is attributed to the 
intermolecular charge-transfer between rGO and PImIL. Electron-transfer kinetic studies 
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were  carried out using rotation ring-disk (RRD) electrodes, and the results show that ORR at 
rGO-PImIL occurs via facile 4e
¯
 transfer process similar to that of platinum-based catalysts, 
whereas 2e
¯
path way is observed for bare rGO.  
 Lastly, to explore the catalytic ability of graphene-based composites, we have developed 
a baGO supported-Palladium (baGO/Pd) hybrid, which works as a bifunctional catalyst for 
one-pot cascade oxygen and hydrogen activation reactions to produce secondary amines by 
N-alkylation of primary amines. (Chapter 6)  The catalytic activities of the baGO/Pd hybrid 
(yield up to 92% of desired product with 100% conversion) are superior to carbon black /Pd, 
GO/Pd, baGO/Au, baGO/Pt and baGO/Cu. The enhanced catalytic ability of baGO/Pd is 
mainly attributed to the synergistic effect of the active pores of baGO and Pd nanoparticles. 
The scope of the reaction has also been tested for various derivatives of benzylamines. 
Moreover, baGO/Pd works under mild reaction conditions (open air/O2, 1 atm H2) when 




7.1. Challenges and Future Outlook: 
Arising from the current studies, we conclude that graphene derivatives (GO, rGO and 
baGO) can be successfully blended with various organic and inorganic components to form 
functional composites with enhanced performances. The incorporation of GO  derivatives 
into the composites provide new functionalities and improve dispersion.
[2]
 Thus we can 
expect that rGO/GO will be highly demanded in the industries as performance enhancing 
additives. However, considerable challenges remain. Firstly, the current synthetic methods 
cannot address the challenge of producing high quality graphene in large quantities and at 
low cost.
[2]
 For example, GO produced from the chemical methods
[1]
 require tedious 
purification processes and often suffers from contaminations by metal ions and organic debri, 
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show poor conductivity and low solubility.
[7]
 Therefore, breakthroughs in synthetic methods 
are needed to produce cheap, highly conducting and yet easily processable graphene.
[8]
 In 
addition,  to enable the application of graphene composites in solar water-splitting, batteries, 
fuel cells, and carbocatalysis, the structure of these composites must be controllable at the 
microscale to nanoscale, in analogy to the zeolites and molecular sieves.
[2]
 Highly porous GO 
or RGO will be useful in catalysis for examples. To meet this challenge, efficient synthetic 
strategies are needed to produce graphene with controllable sizes and layers. At present, 
graphene-based composites are entering the first phase of commercialization due to demands 
for thermal heat spreaders, conductive electrodes and structural reinforcement composites. It 
may be not too long before GO or rGO become important technological commodity. 
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Chapter 5: GC/MS analysis Spectra 
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